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PREFACE 


report  .on  the  Differential  Analyzer  is  included,  in 
survey 

.Tie 

time  .' In 

this  ..whole  problem*  However,  most  of  this  material  here 


fhi: 

historical  survey  of  the  machine  and , expounds  a  theory  of 
its  operation.  The  report  seeks  to  present  for  the  first 
easily  available  published  form  a  discussion  of 


developed  has  been  long 
dress),,  in  the  Ballistic 


familiar  (in  slightly  differing 
Research  Laboratory,  due  to  the 


painstakingly  thorough  study  of  the  machine  undertaken 
by  Dr.  L,  S.  Dederick  and  his  assistants  An"' extensive 
system  of  forms  and  accompanying  notes  has  been  in  use 
in  the  Laboratory  and  has  been  modified  from. time  to  time 
to  keep,  up  with  improvements.  On  account  of  a  revision 
in  the  notation  here  adopted,  and  some  consequent  simpli¬ 
fication  in  practical  procedure,  it  has  seemed  unwise  to 
devote  the  space  that  would  be  required  .  to  explaining  in 
detail  the  several  computation  sheets  and  other  forms 


which  have  been,  employed  steadily  hitherto  but  which  may 
be  hoped. in  some  cases,  at  least,  to  have  completed  their 
period-  of  usefulness. 


No  attempt  has  been  made  to  provide  a  practical  handbook, 
for  the  mechanical  operator  and  for  the  repairman.  There 
is  a  large  amount  of  accumulated  technical  experience 
covering  matters  of  mechanical  adjustment  and  repair, 
which  has  been  and  probably  should,  be  transmitted  under 
immediate  operating  conditions  from  one  mechanic  to  the 
next,  and  from  one  operator  to  the  next.  It  is  hoped., 
however,  that  this  report  may  (without  need  for  personal 
instruction)  explain. the  theory  to  any  mathematically 
trained  observer  of  the  machine. 

The  author's  indebtedness  to  the  generous  and  timely 
assistance  and  friendly  constructive  criticism  of  numerous 
local  veterans  in  this  field  of  applied  mathematical 
engineering  has  been  obvious  to  the  many  who  have  patiently 
answered  questions  and  labored  over  hardly  legible  manuscript 
copy.  It  seems  hardly  feasible  to  try  to  name  them  all. 


Ballistic  Research 
Laboratory  Report  TJo.  319, 

AAB/diJi 

Aberdeen  Proving  Ground.,  Md 

December  23,  1942 
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'  REPORT-  ON  THE  'DIFFERENTIAL  ANALYZER  AT  ABERDEEN 
■  PROVING  GROUND,  MARYLAND 

t As  in  use  July.  1942) 

V  ••  .  ■  Part  1 


' -A,  ,  THE  PURPOSE  AND  30 OPE  OF  THE  " ANAJjYESR ?•  :  A  A.' 

Xhe  Differential  Analyser,  -  so  named  in  1930  by 
its  inventor,  designer  and  builder,  Dr.  . Vannevar  Bush,  . 
{then  at  the  Massachusetts'  Institute  „<jif  . Technology).,,;- •  is 
a  power  .driven  machine  for  obtaining  mechanically  .  and. 
printing?  in  numerical  tabular  form  the ;  solution.  of..;any ' 
one  of  a  wide  variety  of  total  differential  equations. 

•The  machine  at  Aberdeen  Proving  Ground,  adapted'1  from  the 
original'  (now  obsolete) .  Differential  Analyzer,  at  ■  ■■■■■>  ;. 
Cambridge,  Massachusetts,  la  officially  "The  Bush  '•-■•' 
'Differential  Analyzer^  >  :L  .  /•  /.-•  -.a'-y 

The  name  "Differential  Analyser"  was  doubtlessly 
Chosen  because  of  the  analogy  which  this  name  suggests, 

■with  .the  various  well-known  types  of  harmonic  analyzers. 
However ,  this'  name  has  been  r thought':. by  .  many,  to  -  be  -somewhat  ■ 
of  a  misnomer.  The  machine  part  a  perform!  as  indicated 
below,  beyond. certain  few,  restricted  algebraic  operations,., 
only,. quadratures  »'  Although,' this. machine  has.  the  gbsentikl,- 
advantage  over- early  .type  a  of  ;■  plan  inte  tbrs  .and  inte graphs 
of  being  devised  to  accept  as.  input,  for  one  part,  of  the 
machine- -.the  output  of  another  part ,  -it  id.oos  not  "analyse 
different ialstt »-  It  cannot  even  obtain;  the  derivative '  of 
ran-  arbitrarily,  given  smoothly  varying  function.  A  Have  at..  . 


moat  in  one  case,  it  will  not.  (as  now  set  up)  multiply  a 
given  variable  by  a  given  constant  unless  thiB  constant  is, 
save  for  sign,  the  product  of  a  3mall  number  of  "simple  ratios1'. 
Because  of  the  extraordinary  flexibility  of  interconnections, 
in  the  machine,  and  the  theoretical  possibility  of  adjoining 
one  or  more  further  "tables"  if  needed,  other  types  of  problems 
might  be  handled  quite  differently  from  those  which  now  employ 
the  full  time  of  the  machine. 

For  theoretical  purposes,  the  Differential  Analyser 
may  be  described  as  a  group  of  independently  operable  sub- 
machines  (each  with  fixed  find  movable  parts)  interconnected 
by  rigid  shafts  or  cable  drives,  the  entire  mechanical  group 
being  housed,  on  a  rigid  steel  frame.  There  are  also  electri¬ 
cal  control  elements  with:.an  elaborate  separate  panel  board. 

As  a  further  feature  of  the  practical  running  of  the  machine 
may  be  mentioned  an  air  compressor. 

The  sub-machines  in  current  use  and  required  in 
explanation  of  the  theory,  which  serve  to  drive  or  adjust 
other  parts  of  the  Analyser  may  be  listed  as  follcws.  They 
will  be  described  in  Part  III  of  this  report  under  the 
following  headings; 

a.  1  Calibrating  drum,  fixed  setting  (does 

not  deal  with  a  sub-ma chine)* 

b.  4  Calibrating;  drums  and  counters  (hand  set; 

for  trajectory  parameters ). 

c.  3  Crank s ,  each  hand  driven  (used  only  for 

redu ct ion  runs). 

d.  1  Prime  motor  (requiring  no  mechanical  in*-' 

put  from  other  parts  of  the  machine), 

e  •  8  Integrator  units,  each  with  separate  power 

"drive  Tor  the  output,  and  involving  two 
input  s .  .  .. 

f.  tv  (input )  Tables ,  each  : with  separate  power' 
drive;  f  or  the;, output;  two  with,  two  inputs 
•  each,  and.  one  with  a  single,  input,  , 

E*  6  Adders,  each  with  a  single  output  and  two 
. input s,  /  '■  ’  ' 


H,  39  Couplings t-.eaClj  consisting  either  of  a 

single  pair  of  enmeshed  spur  gears,  or  of 
a  train  of  such  pairs*  ' 


.  ■  •  "65  TOTAL:  Sub-machines  . 

The-  twenty- six  sub-machines  which  are  not  couplings, 
together  with,  parts  of  the  recorder,  called  printers,  which 
latter  receive  but  do  not  yield  torque,  constitute  a  list 
further  sub-divided  into  machine  elements.  The  first  twenty- 
six  machine  elements  are  the  output  elements  of  the.  respect ive 
sub- reach ine  and  are  designated  correspondingly.  There  remain 
to  be  mentioned  (as  ..currently  in  use)  thirty-nine:  input  machine 
elements  corresponding  to  the  inputs; of  the  given  twenty- six 
sub-machines,  (not  couplings).  In  particular,  we  have  fop 
machine  elements  the  following  output  elements: 

a.-.h.  26  Output  elements, 

i *  16  Integrator  inputs,  consisting  of  eight. 

~  differential  inputs  (each  designated  by  < — ^  , 

:  indicating  abscissa)  and  eight  integrand 
.inputs  (each  designated  byt',  indicating  ordi¬ 
nate  . )  , 

<•> 

il’*  ^  Table  inputs,  consisting  of  three  abscissa 
inputs  Teach  designated  by4— ->)  and  tvvp 
ordinate  .inputs  (each,  designated  by  Tj. 

k.  12  Adder  inputs,  two  to  each  adder,  . 

l.  6  P r i n t e r  i npu  t a. ,  one  to  each  printer  unit  of 

“  the  recorder.  >v 

65  TOTAL:  Machine  elements  (exclusive  of  couplings) 

Exclusive  of  the  five  calibrating  drums  and  counters, 
each  of  the  remaining  sixty  machine  elements  when  connected 
with  a  given  coupling  is  so  connected  by  means  of  a  .  (nominal) 
bus  shaft.  These  sixtv  bus  shafts  are . similar ly  numbered 

( 1’  -  3’,  0  -  56). 

Any  adequate  description  of  the  mechanical  structure 
of  the  Differential  Analyzer  would  mention  also  many  other 
features  and  in  particular,  cross  shafts  and  spiral. gears 
(some  right  handed,  some  left  handed")’  which  serve  to  convert 


rotation  from  one  shaft  to  rotation  on  another- ’'at-  ' 

angles  to  it,  with  no  change  in  absolute  rate  of  hptailoni)^^ "  v 


Of  prime  importance  to  the,  jiractfoal  aqccess*  ^  • 

of  any  mechanical  contrivance  of  -  the;,  char&ofer  -ia£: 

the  Differential  Analyzer  are  . the  :: &' i‘ K:’;  g 
the  supply  of  fresh  power,  -  fricf.ihji  and-  ?  ' 

of  injurious  vibration,  the  elimination  qt  hack:-. ■’ . 
free  play  between  connecting  elements,  and  .the  stop# 
and  controls  for  safety  of  ope  rat  i  d  h  * /. '  Wh  i  ie  it  1  #•  ^  .;.  v/ '' ' 

without  these  the  machine  would  be  ^valueless*  they  >£»©&: ;; 


emphasized  in  discussing  the-  theory  itfjf t he'- .problems 1;,',' 'r 
by  the  machine.-  "  '.bb',  :>yb  :  ',  Z''~-  /.••«>’  ■■■:'  ■.■■  •••••’ -  vbb:;  •  :'b 

handling  a  physical  probiefa  by '  mSdns.f  of 
Analyzer  ,  .  one  has  initially  .. 'b/b/:-r' 


In 

Different ial 


(I) 


Certain  selected  primary  variable'## 
parameters  to  each  of  which  is  j&iifT 

a  specific  symbol*.  2ac.h--d£’v^$9^.-_  ^  .  . . 

variable  s  may  involve  physical.' .-uhdte  hu oh  , 
as  feet,  .pounds,  '■»^cdnd8J  foot 'per  second*  -etc.  » 
or  it  may  happen  thht ’one  or-iiscre  "  are  '• 
intrinsically  di  men  sip  pie  shy  elthei*..^.  :■  #,•/ 

ordinarily  expressed  as  pure/ number#,' , or  l. 
again  as  angles,' 

primary  variables  is ■’. sufficiently  extensive 
to  permit  expressing/ every  variable  ‘%‘4>  -$ 


supposedly  concerned,  in  thS\:-:fdi*^^ 

problem  in  terms  of  these  given  primary  ~  <■  . 


variables. 


(ii) 

(iii) 


'v 

5$ 


numerical -values  assigned  pdr^ete^^^^^V  ?. 

used:  in'  any'  one  solution.  '*  *  ‘  \  v '  '  ' •: ^  •  b’bV'  yV- 


Certain  algehraio  .  and 
interrelating  the 
parameters. 


'  primary  variable#  hnd 


Despite  its  extraordinary  flexibility, -1 
regards,  the  Differential  Analyzer  in  the  form  no~.:;  .Wafers*  ' ;:>~r D-V?bf 

eq lipped  to  handle  combinations  of  certain. 


steps  only. 


For  theoretical  purposes ’we  may  speak  •afbb^;':^ 
independent  and  a  large  but  yet  limited  number  of  dependent  -  >  f  , 

_ 1 _ _ _ ,  _-l_1 «.«».  1  4.-™.  *1  _  4.  A  J  W.-Vi.Mi,'-'  •••».  & '  .4:  y 


primary  variables  each  of  these  latter  related  .directly  or ;r  r' 
indirectly  to  the  independent  variable  through  fixed. prCassigned 


functional  relations.  The  machine  does  only  the  following 
(the  lettering  corresponding  to  the  notation  of  machine 
elements  given  previously) 

(a)  Accepting  a  given  additive  absolute  constant 
to  he  set  by  a  calibrating  drum. 

(b)  Accepting  as  many  as  four  given  additive 
parameters  depending  upon  the  given  initial 
conditions  to  be  set  by  respective 
calibrating  drums  one  or  more  having  an 
auxiliary  counter. 

(c)  Accepting  as  many  as  three  numerically 
tabulated  one-valued  functions  each  of 
some  primary  one  variable,  for  more  or 
less  continuous  hand-feeding  through  a 
crank  (equipped  with  a  setting  lockl. 

(d)  Accepting  for  automatic  operation  one 
independent  variable. 

(e)  Integrating  one  given  variable  with  respect 
to  the  differential  of  another  given  variable 
by  means  of  an  integrator  unit.  (At  present 
eight  such  integrations  are  continuously 
performed.  The  machine  is  equipped  with  a 
total  of  ten  integrator  units,  two  of 

which  remain  currently  idle.) 

(f)  Performing  continuously  (on  any  one  run)  one 
or  more  of  the  following  three  operations 
(but  with  not  more  than  a  single  use  of  any 
one  of  them) 

(i)  Obtaining  (with  the  Template 
Table) the  variable  ordinate  of 

a  single  one- valued  function  for 
a  given  interval  for  the  abscissa 
by  means  of  an  arc  previously 
traced  to  specifications  and  cut 
upon  a  template.  (The  template, 
like  the  gear  train,  may  be 
changed  between  runs.) 

(ii)  Obtaining  (with  the  Vector  Table) 
the  distance  from  the  origin  to 
a  variable  point,  given  the 


variable  ordinate  and  variable 
abscissa  of  the  point  ■within, 
a  fixed  circle  in  the  squared 
cartesian  plane* 

(iii)  Obtaining  (with  the  hi  vis  ip  nf 

Table  5  continuously  the  variable 
value  (within  certain  bounds)  of 
•  the  quotient,  given  the  variable 

numerator  and  the  variable  '  . ' 
denominator  (not  near  aero) , 

.■(g)  Forming  (with  an  Adder)  the  neg^lye'-of .  the 
sum  of  two  given  variables.  .  /h  ..  . 

(h)  Multiplying  a  variable  by  one  or'  several  simple 
ratios*  each  contained  in  a  fixed-  short,  list1 
Tat  present  consisting  essentially  of  -4,,, -2, 
-3/2,  -5/4,  -1,  and  their  reciprocals  tfhly|* 

(i)  Using  any  previously  (or  siraultaneously) 

obtained  variable  as  differential^  or 'as  . 

integrand  in  a  quadrature  by  an  integrator 
unit.  '< -b:/;  T 

(j)  Using  any  previously  (or  simultaneously1) 
obtained  variable  aa  independent  abscihsa 

or  a3  independent  ordinate  in  any  on£  of .the 
three  operations  described  under  (f)*  'v.  ;-;1  /  •  •• 

(k)  Using  any  previously  obtainadivari&ble 
term  in  a  sum  whoso  negative  is  obtained. 

as  in  (g)  *.  .q:  . 

( 1 }  Maintaining  automatically  (with  the  Recorder) 
a  printed  table  of  values  of.  as  many  as  six 
of  the  variables  as  the s£;'Change", during  a 
run,  for  convenient  assigned -.equaX-ti-ntervals 
of  a  selected  ono  of  these  variables-,  : Also 
printing  the  values  of  the  selected  six., 
record  variables  at  any  desired  preasaigned 
value  for  any  one  of  the  variables, 'through  ''■' b. 
direct  observation  by.  the  operator  of  the  , ' 
changing  values  of  the  chosen  variable,  who  ; , . 
slows  the  machine  near  the  e‘riticaV;;positionf ;  ■ 
and  operates  the  printer  by  hand-pun^h  when 
this  position  is  reached.  '  .  ."  ■  • 

A  variable  is  represented  on  the  machine  by  the  total 


turn  (angular  displacement )  of  an  appropriate  shaft.  Angular 
speeds  enter  in  the  theory  only  through  their  ratios,  although 
for  mechanical  efficiency  there  are  certain  restrictions 
(discussed  later)  upon  the  maximum  speed  of  some  of  the  moving 
part  s .  , 

Part  II 

HISTORY  OF  THE  MACHINE 

A  machine  (now  superseded)  called  hy  its  inventor 
and  builder,  Sr.  Vannevar  Bush,  (then  at  the  Massachusetts 
Institute  of  Technology J ,  the  "Differential  Analyzer" ,  was 
in  operation  in  1930,  although  according  to  its  inventor, 
v/as’Yiot  yet  completed"  in  December,  1931.  It  incorporated 
in  more  flexible  form  the  same  basic  idea  of  interconnection 
of  integrating  units  as  did  an  earlier  model  by  the  same 
inventor  referred  to  as  the  "M*  I,  T.  I.nte  graph"  designed 
for  solving  second  order  ordinary  differential  equations, 
and  which  was  described  in  several  articles  in  1927  and  1928 
to  which  references  may  be  found  in  the  article  next  named.  , 
The  first  authoritative  description  of  the  Differential 
Analyzer  is  the  following:  V.  Bush:  "The  Differential 
Analyzer.  A  new  machine  for  solving  differential  equations.** 
Journal  of  the  Franklin  Institute  (212) ,  447-488  (1931).  It 
has  references  to  previous  work  and  other  related  devices. 

At  the  Christmas  meetings,  1929,  qf  the  American 
Mathematical  organizations,  held  in  Bathbhem,  Pennsylvania, 

Dr.  Bush  was  one  of  several  speakers  invited  to  present 
expositions  of  various  j>hases  of  applied-  mathemati cs .  Plans 
and  objectives  of  the  Differential  Analyzer  were  discussed. 
Professor  Barker,  Major,  Ordna-nce  Reserve,  then  newly- 
appointed  head  of  the  Electrical  -Engineering  Department  ' at . 
Lehigh  University,,  discussed  with  Dr.  L.  S,  Dederick  of  the 
Proving  Ground  and  with  Dr.  Bush  the  possible  use  of  the 
Analyzer  for  computation. of  trajectories.  The  accuracy  of 
the  machine  was  expected  to  fall  so  far  below  the  normal 
standard  being  demanded  for  hand-computed  trajectories  that 
the  project  seemed  hardly  feasible  at  that  time.  In  1931, 
Captain  Phillip  L.  Alger  of  the  General  Electric  Company, 
Schenectady,  and  associated  with  M.  I.  T., while  on  summer 
duty  as  reserve . of fleer ,  also  became  interested  in  the 
possibility  of  replacing  the  laborious  hand  computation 
by  the  mechanical  use  of  th$  M.  I*  T.  Differential  Analyzer 
whose  encouraging  performance  (Considerably  better  than  l/lO 
of  one  percent")  he  had  witnessed.  In  September  1931,  he 
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wrote  letters  to  Major  Somers  at  M»  I*  T.  and  1 oue&ptal-n.//. h//; •  V/*’1  % 
Guion  at  the  Proving  Ground  and  to  Professor  Bennett  at  '  ,  ",v 

Brown  University,  formerly  in  charge,  of  ballistic  :  .  '  . 

computations,  and  urged  the  staff  at  M.  I.  T.  to  adopt 
steps  to  transfer  some  of  the  trajectory  computation  to  the  '•  k 
Differential  Analyzer*  On  September  11,  l931,Dr.  X.  3 , 

Bede rick  in  accordance  with  suggestions  from  Major  Somers 
and  Captain  Alger  forwarded  to  Dr*  Bush  data  sufficient  for 
setting  up  a  particular  ballistic  problem  for  trial,  runs  on 
the  machine*  A  brief  demonstration  was  conducted  on  September  29f  1 9 
before  a  small  group  of'  interested  persons  including  among  others 
General  Hamilton  (retired).  Captain  Guion,  Dr*  Bedericky  Mr*  Kent, 
and  Professor  Bennett.  A  more  extended  report  was  prepared  by  V  */A 
Dr.  Dederick  for  blue  printing  and  distribution  entitled!  "'the 
Application  of  . Dr,  Bush1  s  Integraph  to  Ballistic  Problems”* 

An  informal  report  of, this  demonstration  was  prepared, by 
Professor  Bennett  and  sent,  to  General  Tchappat  in  anticipation 
of  a  general  conference  at  M.  I.  T.  on  the  subject., of  tbs' 

Analyser  at  which  General  Hamilton,  then  retired,. was  present.. 

Dr.  Dederick,  on.  November  6,  1931,  wrote'  expressing  .the  hope  , ; ,' : 
"that  the  Ordnance  Office  v.rould  see  fit  to  authorize  a 
systematic  program  of  trajectory  ..computations  for..  thebMb,  ■  I .  T  * 
Analyzer.”  ■ 

•  •  •  > 

As  an  outcome  of  this  demonstration,  authority'  was 
gfanted  (O.Q  471.9/642  and  A.P.G*  413.6/330)  to  conduct'  during 
the  month  of  June,  1932  a  test  at  Massachusetts  Institute  of  ,' 
Technology  in  Cambridge,  Massachusetts  "of  the  utility  Of 
Dr.  V,  Bush's  Differential  Analyzer  as  applied  to  work  in ■ 
Ballistics.”  This  was  carried  out  by  a  collaboration  of  ,  ' 

personnel  of  the  Institute  and  of  Aberdeen  Proving  Ground* 

Dr*  X.  3*  Dederick  with  Mrf^tkins,.  a  computer,  'spent  the  month  ,j/fv 
of  June  in  Cambridge  working  long  hours  daily  with  Professor  /' •/ 
Bamuel  H.  Caldwell,  Director  of.  the  Research  Hall  in GElbctrical  ;,T 
Engineering,  and  numerous  assistants,  in  particular  withU  ./••••n.'Vi 

Mr*  Frost,  machinist ,  ,as  well  as  enjoying  occasional  interviews  Vy/ 
with  Dr.  Bush  himself:.'. .  ,  .-•■h/.  .  v.  •  •  •  ..  b.'b  ’• v  "  b- '  . .  >.  .. 

As.  Dr*  Dederick  states  in 'his  , of ficiaX- Piepdri 
the  Test!  -b  ;  ,  -  y  -  '  /  .  ,'b'\  .  v-  :•  .• / 

"It  was  planned  to  execute  systeiaat ically  by.  meafra,  Of 
this  machine  all  the  basic:  integrations  necessary  for  the  /b 
construction  of  a  complete  range  table  and  to  use  whatever  ■  •  •  : 

time  remains  on  short  tests:  covering  a s  wide  a  variety  .of  'C  '/ / 
problems  as  possible,.  The  range  table  selected  was  for  the  . '/  ■■*’}?■ 

16”  Howitzer,  Model  192G,  2100  lb.  A.  P.  Projectile,  Muzzle 
Velocity  1950  f/s.  This  required  angle®  Of  departure  frombli^ 


to  65°  and  large  values  of  the  range,  time  of  flight,  maximum 
ordinate,  and  ballistic  coefficient.  The  remaining  time  was 
devoted  to  three  small  groups  of  trajectories,  one  for  the 
16"  Gun,  Model-1919,  2340  lb.  A.  P*  Projectile,  Muzzle  Velocity 
2650  f/s,  at  maximum  range,  pne  for  the  0*30  caliber  rifle,  Ml, 
near  17°,  and  one  consisting  of  trajectories  of  Interior 
Ballistics.  In  order  to  te$t  the  performance  of  the  machine 
most  effectively,,  all  the  problems  were  selected  from  among 
those  which  had  previously  been  solved  by  numerical  integration 
or  other  approved  methods.  The  general  purpose  of  the  test 
was  to  determine  whether  or  not  It  was  de  a i ra ble  i q r .’Su-i.ld  •  ; 

a  similar  machine  at  Aberdeen  Proving  ' Ground'.  ■'*.. . . 

“Plan  for  Range  Table,  The  methods  used  in  preparing 
a  range  table  by  means  of  the  Analyzer  must  Bema  t  e  r  i  a Tly ■ 
modified  from  those  regularly  in  use  at  present.  £i*e*  at  .date 
of  report -  July,  - iSSSj •  In  the  latter  ease  every-  effort -is; 
made  to  cut -down  the  number  of  trajectories  necessary  to  ■  \ 
compute  and  .to  use  every  possible  device  to  replace  them  by  -V 
other  methods  of  computation*  This  is  because  of  the  great 
time  and  labor  necessary  to  compute  trajectories.;  by  numerical 
integrations.  The  Analyzer ,  on -the  other  hand ,  w i  11  worM  tra¬ 
jectories  forty  or  fifty  times  ae  fast  as  a  co^putert;  byt;  it-  ■; 
will  do  nothing  else*.  {This  estimate  must  now  be  'considerably^ 
reduced  if  the  time  spent  in  setting  up  new  gear  trains  and'..;: 
Repairing  minor  failures  is  to  be  Gounted*J  The  plain  of  work  . 
for  the  test  of  the  Analyser  therefore  was  to  use  a:  large  •' 
number,  of  trajectories  wherever  that  would  reduce  the  labor 
of  other  >forms  of  computation.'  In  any  case  that  Wbr& bof w 
preparing  a  range  table  falls  into  two  parts,  the  reduction  :"b:-. 
of -firings*,  and  the  range  table  proper*.  .'  v’\  .v*  y.b/  - 

t ''  .“Reduction  of  PiringB.  ........  All- -the  usual  •  db 

corrections  being  provided  for,  the  final,  values  of  0  tthe 
ballistic  ^coefficient)  for  the  range-  firing  angles  vie  re  . ,  tb' 

obtained  in  the  usual  way  *  . vPor  purpo ae  s  of  comparison ..  these 
values  wpbe  plotted  on  the  sheet  on  which  the  short  are  C 
had  previously  been  drawn*  It  was  fouhd  in  general  that  the. 
new  points,  lay  closer  to  the  curve  than  the'  old  ones*  ^  Thus  -j 
whatever. trri or  had 'been  intro  daced  by  the  machine 'was ‘.less 
than:  the  accidental  error  originally  attributed  tp.thel range*.  - 
firing* ip  -dHioothiTiig>qtut. . the'  C.-»  curve*  ■  *...*• ‘V bub;  byb-sb  vw. 

;  bbbGharact eristics'-  to  be  considered.  The  ehardc--w 

teristics  of  the  analyzer  may  be  considered  from, .the-  point.  of 
v iew  of  ope ed ,  ac curacy,  reliabi lity, . " s impl iei't y  laetho d,u-'; W 

field  of  utility,  possible  improvements ,  personal  requirement s 
ease'.-  of  •  repair,  and  t otal  expense  •'  fThe  ae  are  then  treated  ? b 


seriatim.^  ......  It  seems  very  conservative  to  say  that. 

the  machine  will  work  trajectories  fifty  times  as  fast  as 

the  average  computer.  . *  In  any  case  we  may  say  •  that,.. ; '  .4  ' 

accuracy  sufficient  for  all  practical  purposes,  either  .4 

been  obtained  or  can  in  all  probability  be  obtained  by  \  . 

simple  changes,  in  procedure.  ......  In  fact  we  may  say. 

that  the  month’ 3  test  of  the  Analyzer  was -attended  by 
somewhat  remarkable  chapter  of  accidents.  >  •*»•••• 

"Summary.  It  becomes  evident  from  the  foregoing 
that  a  Differential  Analyzer  could  be •  built  at  the  Droving  -TV 
Ground  which  -would  perform  various  kinds  of  balitdtib  ••  '';v4.f-.b;'.-,.-:-v.  - 
computations  with  all  needful  accuracy,  that  its  operation  / 

and  maintenance  would  'require  bo  unusual  ski II j  that  its  -  ■ 
speed  is  such  as  to  insure  greatly  increased  output.  of^yropk 
by  the  'Ball! otic  Section,- in  any  emergency, , and  they  performance 
of  routine  work  at  a.,  smaller  total  expenditure jof  funds,  that'-'-/  4: 
its  use  in  the  preparation  of  ranga'tableS:.wbdid;irepihce-  ':'i^;Jr::h'';; 
numerous  complicated  and  indirect  methods  now  in  ..use,  by: 
relatively  simple,  uniform,  and  direct  processes,  that  its 
use  would  permit  .  the  investigation  of  various  problems  wh<*s(sw:- 
solution  is  necessary-  to  any  advance sin  ballistic  theory  or 
practice,  but  whose  study  by  present  methods  involves 
prohibitive- amount  of  labor  of  computation-.  s-:" ; 

"He commendations .  ft  i b .re c orame need, ’ t here f ore: , v • j 
'  that  the  building  of  a . Differential  Analyzer  be  authorized.,  -  ; 
'similar  to  that  i»  ppera-tioh"'l5tt  --thA --'liassaehii-Bett.s  instf&utej' .  -if'--"' 
of  Technology,  but  having  ten  or  more  integrating  units,  and 
some  or  all  of  the  improvements  ali^ady  Ae8erlbe4>tt  : 

The  test  runs  not  only  proved  as  a  whoi®  satisfactory-- 
they  even  brought  to  light  two.  instances  of  errors  iif.thb  printed, 
tables  and  one  error  la  .an  exterior'  baXli‘jBt4.cs  and  one  ih  an  -4..'.'. 
interior  ball! sties  -trajectory*  . 

On  July  8,  1932 ,  Dr «  Dede ri clc  writing  t o  Dr.  Bush  --• ' 
remarked,  BMy  own'  opinion  is  that  the  Sever rtfeent- y^er- tainiy 
ought  to  build  a  machine  .essentially  the-  same  si,a  yours  and  I-  v 
shall  do  all  I  can  to  forward  such  a  project.  Major  Bohn,  the-  j; 
new  officer  in  charge  of  the  Ballistic  Section,  seems  very  '-- 
favorably  impressed.  I.  fear,  however,  that  there  are. 
seriouo  diff  ico  lti  as . -y-  -  '-V f-^V- 

-  :  iJo  further  official  steps,  were  taken, fhowever 4  for  -- '4.V. 

more  than  a  year. Captain  Alger  sought  t of have  active  measures 
initiated,  and  he  Visited  and  corresponded  with  responsible -v’: 
authorities  at  Aberdeen  and  at  M.  I.  T .  In.  November,  1.933, 


Colonel  Shlnkle  made  plana  to  travel  to  Cambridge  to  inspect 
the  Differential  Analyzer  and  discuss  it  with  Dr*.  Stash  with 
a  view  to  possible  construction  of  a  machine  at  the  Proving 
Ground,  The  travel  order  was  never  utilized  however*.  ' 

Early,  in  December,  1932,  Captain  Alger  visited 
Professor  Caldwell  and  shortly  thereafter  wrote  to  him  urging 
the  pT'ompt  securing  of  bid3  by  manufacturers  for  building  at 
Aberdeen  an  Analyzer  for  the  Ordnance  Department  .  . 

finally  in  mid- Dec ember,  1933,  the  Proving  Ground 
was  authorized  to  procure  a  Differential  Analyser  to  be 
installed  at  the  Proving  Ground.  Since  the  original  Differential 
Analyzer  was  the  progressiva  outgrowth  of  much  continuing 
experimental  trial,  and  since  most  of  the  parts  were  custom- 
made  and  often  prepared  in  the  university  laboratories,  and 
since  several  basic  improvements  had  already  suggested 
themselves,  the-  blueprinting  of  suitable  standard  specifications 
involved  the  intelligent  work  of  a  designing  draft sman  familiar  ■ 
with  the  principles  arid  practical  problems  of  the.  machine*  At 
the  request  and  with  the  cooperation  of  the  Moore  School  of 
Electrical  Engineering  of  the  University  of  Pennsylvania, 
working  drav/ings  and.  specif  ications  were  drawn  up  for  the 
construction  by  W,  A*  labor  of  a  Differential  Analyzer  in 
Philadelphia.  The  Amy  arranged  to  purchase  for  $500,00,.. 
as  they  were  being  made,  a  copy  of  these  plans  and  soon 
began  receiving  competitive  bids  for  the  several  parts  involved 
in  the  erection  of  a  similar  machine  at  the  Aberdeen  Proving 
Ground.  Eventually  the  sum  of  $800.00  was  paid  to  the 
University* 

The  construction  of  the  two  machines,  one  ;ih  " 
Philadelphia,  the  other  at  Aberdeen,  while  carried  on  by 
different  means  and  differing  in  details,  were  roughly  v  ■ 
parallel  and  based  upon  essentially  the  same  specifications 
as  these  were  successively  drawn  up*  *  •;.  v 

A  three-cornered  interchange  of  correspondence  and  ;• 
of ficial, visits  was  maintained  involving  the  Electrical 
Engineering  Department  of  K,  I.  T.  (chiefly:  Professor h 
Samuel  Caldwell  and  Mr.  Frost,  machinist ,),  the  Moore 
School  of  Electrical  Engineering  at  the  University  of 
Pennsylvania  (chiefly  Professors  C.  D.  Fawcett  and  Irveh  Travis 
and  Mr*  Kelson,  machinist,),  and  the  Aberdeen  Proving  Ground 
(chiefly  Major  N,  W*  Rehm,  on  contracts,  and  Dr.  JL.  S.  DederiCk 
and  Mr*  L.  E.  Sauer,  machinist Borne  notion  of  the  further 
chronological  sequence  will  be  given  by  the  following  list  Of 
selected  dates;  . 


-11- 


•February  21,  1934  ,  Working  drawings  for  substructure 
received  from  University,  of  Pennsylvania. 

April  2,  1934,  Specifications  for  integrator  units  (194 
drawings,  some  540  parts)  completed,  (Units  for 
delivery  before  June  30,  1934,} 

April  23,  1934,  Specifications  for  Adders  and  Front, 
lash  Units  completed. 

Ma3^,1934,  First  bids  received  for  integrator  unit  parts 

August  22,  1934,  Specifications  for  2  rectangular 
input  tables  (87  drawings)  completed. 

October  21,  1934,  Newspaper  report,  "Three-ton 
Thinking  Machine  is  just  75,000  parts  now, H 

February,  1935,  Input  tables  inspected  at  M,  IT, 
and  shipped  to  Aberdeen  Proving  Ground, 

March  15,  1935,  Specifications  for  one  Recorder 
(52  drawings)  completed,, 

May,  1935,  Major  H.  W,  Rahm  traveled  to  Cambridge  to 
observe  and  confer  on  electrical  equipment,  etc. 

June,  1935,  Specifications  for  Control,  Protective 
and  Auxiliary  Electrical  Equipment,  completed* 

September  30,  1935,  First  complete  trajectory  run  off 
at  Aberdeen. 

January,  1936,  Mr.  L.  E,  Bauer,  machinist  of  the 
Ballistics  Laboratory,  Aberdeen  Proving  Ground,  went 
to  K*  I*  T.  to  discuss  numerous  mechanical  changes 
in  details  and  to  compare  performance  records* 

Ordered  parts  arrived  from  time  to  time,  corrections 
and  modifications  were  made, in  working  drawings,  and  elaborate 
tests  were  instituted  to  discover  the  most  effective  distribution 
of  limits  for  load3,  speeds,  travel,  etc.,  and  to  recognize  and 
correct  where  possible  mechanical  defects.  Incidentally, 

Ur,  Dederick  noted  that  the  resistance  to  turning  of  sequences 
of  the  spur-gear  connected  shafts  seemed  to  vary  approximately 
as  the  13/2)  power  of  the  angular  velocity  of  the  drive.  Eince 
December,  1935,  when  the  Aberdeen  machine  started  its  life. of 
practical  service,  experimentation  na3  continued,  numerous 


modifications, "  some  -of  them., fairly  "fundamental*  -haW  'bfcen- 
introduced,  and  further  experience  has  justified  alterations 
in  limits  formerly  specified*-.-  Among  the  improvements  : 
originating  at  Aberdeen  (many  of  them  .during  the  first  .  ... .  ' 

experimental  years)  a,re  the 1  following:  '  f  *|f  •  b,'  >  ' 

(1)  Auxiliary  large  damper  wheels  (used  to  damp  out 

fluctuations  in  angular  velocity },  attached,,  by  .  : V‘-, 
friction  contact  (with  springs)  to  ahaf t a  Rearing: #:’ 
output  of  integrators  (suggested  hy .'Br«  . 

Dederick)  1935.  -1  "  ;/•  ‘ 

(2)  A  drying  chamber  incorporated  in.v  -the  ■  ; 

unit  which  latter  drives  the  impression ,^oi at ohs  of  the 
recorder  (suggested  by  Dr*  L«  S«  Dederick) .  l-r" )  'v; 

(3)  A  follower  with  blunt  tapered  truncated  "point" 
to  follow  a  ridge  in  a  template  in  an  input  table 
(suggested  by  Captain  Elmer  Goebert)  1935.  (To 
replace  simple  pointer  and  reading  glass*) 

(-4)  A  second  synchronized  lead  screw  for  the  carriage  of 
the  input  table  bo  avoid  accidental  def  lect  ions,  , of 
the  carriage  (suggested  by  Dr.  L,  S,  Dederick)/  1935. 

(5)  Automatic  cam:  contact  ("punch")  for .  recprd^- h' 

( "printer" }  (designed  by  Mr*  L*  E.  B&uer)  1938* 

(6)  Present  design  (after,  several  intermediate  models j 
of  automatic,  power  driven  follower  using  magnetic 
clutch  drive  (suggested  by  Mr,:  L.  E*  Bauer),’  ’1^39, 

(7j)  Vector  Input  Tables  (designed  by  Dr.  L.  S*  .• 

De.derick)  1941.  :  .• 


Most  of  the  numerous  minor  improvements  in 
mechanical  adjustment  originating  in  Aberdeen  are  due  to 
Mr.  L.  E.  Bauer,  who  also  among  his  other  duties  supervised 
the  construction  and  installation  of  the  machine  and  its 
later  associated  parts*  ,  •  i 


Part  III  V v;  ■- 

DESCRIPTION- Off  THE  DIPZEREhTIAL  ANALYZER  AT  ABEPJ^ltlEN--;  ... 

A.  General  Diagram  ■  ... 

it  will 'be  unnecessary  to  describe  in  minute  detail 
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the  appearance  of  the  Differential  Analyzer  at  the  Aberdeen 
Proving  Ground  since  this  Report  is  designed  only  for  those 
readers  who  will  have  immediate  access  to  the  machine  itself 
In  mechanical  appearance,  the  Differential  Analyzer  may  he 
briefly  described  as  a  three-ton  machine  composed  of  two 
mutually  perpendicular  systems  of  parallel  shafts  and 
interconnecting  gears  (with  some  flexible  drive  cables) 
bound  in  'a  massive  rectangular  steel  frame,  25  feet  long 
and  58  inches  wide,  together  with  adjacent  "integrators,H , 
"tables":  for  input  and  output ,  and  other  features  described 
later.  During  a  rdn,  the  operator  remains  at  the  front, 

For  computing  standard  trajectories  the  operation  of  the 
maQhine  is  almost  wholly  automatic  Save  for  the  need  of 
control  over  the  variable  speed.  However, in  reducing 
observed  data  to  identify  the  appropriate .  value  of  the  .,  , 
ballistic  coefficient^ recorded  deviations  of  observed;, 
meteorological  variations  from  standard  conditions  are  fed  . 

'  *'  in  by  the  operator  by  hand  cranks  attached  to  appropriate 

bus  shafts.  •  \  / 

A  schematic  diagram  of  the  machine,  is  as  follows: 


Various  parte  of  the  machine  proper  are  firmly  - 
bolted  to  a  single  'welded  substructure  which  is  a  frame-work 
of  structural  steel  elements  on  a  concrete  "base.  The  body  of 
the  machine  consists  of  ten  separate  "hays"  alternately 
"short”  and  "long”,  separated  by  cross  tie  plates.  These  bays 
are  of  the  same  width  (38  inches)  and  general  design  hut 
differ  in  length.  A  short  bay  is  2Si  inches  long  with  three 
cross- shafts  to  accommodate  a  single  integrator.  A  long  hay 
is  31-£  inches  long  with  place  for  six  croBs- shafts,  the  first 
three  (counting  from  the  front)  for  the  second  integrator  of.; 
a  pair,  and  the  other  three  for  a  "Table". 

In  each  bay  the  border  cross-beams  are  penetrated 
by  31  housings,  15  in  an  upper  row,  16  in  a  lower  row, 
with  1  7/8"  between  adjacent  centers,  both  horizontally 
and  diagonally,  at  60°,  thus 

CO  6  od  O'oooac  p  oo  o 
o  e  t>  O  0  V  OOaOOOfoOO  w  „ 


Fitted  permanently  in  each  housing  and  penetrating  the  cross 
tie  plates  separating  adjoining  bays  is  a  short  £  inch  "bearing 
3haft"  or  "fixed  bus  shaft"  protruding  4-?/&inches  from  the 
housing  equally  into  both  bays.  Available  for  joining  two 
longitudinally  adjacent  col  linear  bearing  shafts  are  "bus 
shaft  sections",  11-^  inches  for  U3a  within  a  short  bay,  SQ-g- 
inches  for  use  within  a  long  bay.  Many  steel  sleeve  couplings, 
each  with  'two  set  screws,  are  on  hand  and  many  are  used  to 
join  a  bus  shaft  section  rigidly  with  a  bearing  shaft.  The 
other  end  of  the  bus  shaft  section  is  then  either  coupled 
similarly  with  the  next  longitudinally,  adjacent,  coilinear 
bearing  shaft,  or  is  supported  while  revolving  freely  in  a 
bronze  housing,  called  an  "end  coupling" ,  attached-  by  a  v  '■ 
single  sfet  screw  to  the  next  coilinear  bearing  shaft  which 
may  or  may  not  be  rotating  under  separate  drive.  A  rigid 
longitudinal  sequence,  composed  alternately  of  bus  shaft 
sections  and  bearing  shafts,  constitutes  a  single  complete 
bu  s  shaft  i/a"  in  diameter,  which  may  or  may  not  extend 
the  entire  length  of  the  machine.  We  shall  later  refer  to 
gear  couplings  also* 


The  machine  is  equipped  also  with  auxiliary  detachable 
overpasses  or  Viaducts",  composed  of  one  or  more  housings, 
for  transmitting  the  angular  rotation  of  a  shaft  through  a 
train  of  spur  gears  at  a  level  above  that  of  the  normal 
upper  row  of  bearing  shaft  housings  already  provided  in  the 
regular  cross  tic  plates. 

S'  '  .. 

As  Dt1.  Bush  remarks!  "Arty  cross  shaft  can  be  readily- 
connected  to  any  bus  shaft  by  inserting  a.  spiral  gear  box 
between  them,  arid  one  will  then  drive  the  other,  Right  and 
left-ha nd  boxes  are  supplied  in  order  to  secure  correctly 
related  directions  of  rotation.  One  bus  shaft,  assigned  perma¬ 
nently  to  the  independent  variable,  is-  driven  by  a  variable 
speed  motor."  (This  motor  is  controlled  by  any  one  of  ten 
control  boxes  located  at  various  places  on  the  structural 
frame  as  explained  later.)  . 


B,  The  Calibrating  Drums  and  Counters 

T’or  the  bus  shafts  and  their  interconnecting 
couplings,  there  la  little  occasion  to  consider  the  choice  of 
an  origin.  The  gearing  determines  relative  rates  of  shaft 
rotation  without  regard  to  any  additive  constant.  However 
the  integrand  for  an  integrating  Unit,  and  each  of  the  variables 
oh  any  table,  as  well  as  the  recorder  would  be  affected  by  the 
introduction  of  an  additive  constant.  A  calibrating  drum  with 
retract ible  operating  crank  id  provided  for  the  integrand 
with  each  integrator  unit.  It  will  be  mentioned  again  in 
describing  the  integrators,  kor  each  of  the  input  variables 
in  each  table,  and  for  each  of  the  six  printer  units 
arrangements  are  provided  for  making  a  correct  initial  setting 
for  any  desired  run.  The  total  number  of  revolutions  of  a 
lead  screw  for  a' table  is  registered  by  a  counter,  with  a 
calibrating  drum  to  indicate  fractions  of  a  complete  revo¬ 
lution.  In  the  case  of  the  printer  the  printing  discs  can  be 
set  individually  by  hand,  and  there  is  also  a  knurled  knob 
which  may  be  pulled  out  to  disengage  all  printer  discs,  and 
then  turned  to  set  all  thirty  of  these  discs  simultaneou sly 
at  2  er o . 


C .  The  Cranks 

There  are . three  hand  cranks,  operated  only,  for 
reduction  of  observed  range  firings,  each- of  which  transmits 
through  a  gear  train  and  adder  an  Imposed  correction  upon  an 
otherwise  automatically  regulated  dependent  variable-.  Jtach 


crank  is  equipped  with  a  lopking  device  to  avoid  accidental 
input.  Vi  hen.  used,  the  cranks  deal  with  slowly  varying 
corrections,  and  more  than  one  may  he  .easily  operated  by  a 
single  person,  who  keeps  one  crank --locked  while  feeding  in  a 
small  change  "by  another  crank.  It  has  been  found  convenient  to 
introduce  small  finite  increments  in  a  regular  staggered  order, 
rather  than  to  attempt  to  follow  all  three  continuously.:  The 
adders  associated  with  these  gears  are  left  in  connection  even 
for  standard  runs,  in  order  that  the  loads  may  not  he  changed 
unnecessarily.  • 


D.  The,  ftrime  Motor 

■  The  prime  motor  is  located  under  the  main  frame 

beneath  Short  hay  III,  It  is  a  direct  current,  one-half 
horse  power,  variable  speed  motor  connected  by  chain  and 
sprocket  wheels  .{with  a  speed  reduction  to  one-third)  to-, 
the  main  drive  bus  shaft  of  the  entire  Differential  / 

Analyzer.  The  maximum  rated  operating  speed  of  the  motor 
is  1725  r.p.m, ,  so  that  unless  spur  gears  are  introduced 
the  main  driving  bus  shaft  should  not  attain  more  than  ■ 

575  r.p.m.  but  in  fact  with  current  available  will  run  at 
nearly  800  r.p.m.  The  speed  is  indicated  by  a  tachometer 
visible  to  the  operator.  The  normal  running  speed  is,  often -not 
more  than  400  r.p.m.  or  less  according  to  limits  on  the  speeds 
of  certain  integrator  units  or  to  limits  imposed  by  the 
automatic-  follower  in  maintaining  contact  during  a  steep 
part  of  the  retardation  coefficient  curve.  Speed  control 
boxes,  one  at  the  operator's  left  hand  and  others  on  Various 
parts  of  the  machine,  as  well  as  automatic  cut-out3,  will  be 
discussed  later. 


k .  The  Integrators 

.  Quoting  from  the  official  Specifications,  April  2,1954 

we  read  .  , 

"Description  of  the  Integrator 

(a)  The  integrator  consists  of  a  massive  carriage  which 
is  moved  horizontally  by  means  of  an  accurate  lead 
screw.  This  carries  a  disc  in  a  horizontal  plane, 
which  can  be  revolved  independently  of  the  carriage 
position..  Heating  on  this  disc  and  pivoted  in 
jewelled  bearings  is  a  wheel  or  -wr oiler"  with  its 
axis  parallel  to  the  ways  and  £with  the  roller) 


IS- 


lying  in  a  vertical  plane  through  the  center  of  the 
disc.  The  outer  bearing  of  the  roller  shaft  is 
located  directly  over  the  point  of  contact.  End 
play  in'  roller- shaft  and  carriage  pivots  is 
removable  by  an  adjustment.  There  are  also  provided 
r;.  adjustments  by  which  the  roller- shaft  can  be  brought 
accurately  to  its  correct  position. 

s (b)  The  torque  transmitted  to  the  roller-shaft  is 
y  transferred  to  the  input  shaft  of  a  torque  amplifier, 

a  given  rotation  of  the  input  shaft  producing  an 
equal  rotation  of  the  output  shaft  but  with  a. 
greatly  increased  torque.  The  energy  is  supplied 
by  an  independent  and  constantly  running  (half-horse 
power!  motor  which  drives  a  pair  of  drums  in.  Opposite 
directions. 

(c)  The  ten  (lOj  integrators  are  mounted  in  five  (5) 
pairs  on  a  single  base ,  with  one  motor  supplying 
the  energy  for  both  torque  amplifiers ........ n 

The  several  integrators  although  applied  to  different 
variables  coincide  in  construction  and  manner  of  operation. 

At  present  (July,  1942)  the  first  four  pairs  only  are  in 
active  use.  The  roller  is  of  hardened  steel,  ground  and 
lapped,  its  edge  is  given  a  radfas  of  about  .002  inch.  The 
jewel  of  the  bearings  is  artificial  sapphire  rather  than 
hardened  steel.  The  integrator  discs  are  of  plate  glass 
*250  +  .005  inches  in  thickness,  with  surface  true  to 
within  .0005  inch.  They  are  attached  to  their  mounts  by 
Dupont  Household  Cement.  Each  integrator  unit  is  housed 
in  a  recessed  but  removable  glass  case  provided  with  lifting- 
handles  and. with  removable  metal  cover  for  a  small  opening  in 
the  top  sloping  glass  face.  This  opening  permits  the 
insertion  of  an  operator’s  fingers  for  raising  or  lowering 
the  small  "fly"  lever  which  disengages  the  hinge-connected 
roller  from  contact  with  the  disc.  Each  integrator  is 
connected  with  input  and  output  shafts  through  spur  gear  , 
trains  and ,  universal  joints,  the-  main  translational  -input  . 
being  through  a  magnetic  clutch, and  the-  output  is  stabilised 
through  friction  held  dampers.  The  magnetic  clutch  may  be 
released  in  each  case  by  pressing  a  push  button  set  in  the 
steel  structural  frame  below  and  to  the  left  of  the 
integrator  concerned.  The  displacement  of  the  .disc  may  be 
hand-set  at  the  beginning  of  any  run  by  means  of  a  7' 
retract  ible  hand  crank  in  the  face  of  a  rotating  cent's  si  tea  lly 
scaled  aix-inch  brass  drum' placed  on  an  extension  of  the  main 
displacement  lead  screw*  One  complete  rotation  of  the  scaled 


drum  is  accompanied  by  a  rotation  through  about  a  fifth  of 
an  inch  peripherally  of  a  secondary  brass  drum  scaled  (in 
partial  arc)  for  80  equal  units  extending  from  40'Units  in 
one  direction  through  zero  to  40  units  in  the  other  direction. 
The  shaft  regulating  the  rotation  of  the  disc  (in  a  horizontal 
plane)  is  slotted,  and  bears  a  sliding  helical  gear  working  ■ 
in  a  gear  box  which  is  attached  tp  the  carriage. 

The  theory  of  the  operation  of  the  integrator  unit 
is  essentially  that  of  an  ordinary- plan imetdr,  save, that  here 
the  center  and  axis  of  the  roller  remain  stationary  while  the 
horizontal  plane  (usually  fixed  but  here  represented  by  the 
disc)  is  given  rotation  and  translation.  Unlike  the  case  of 
some  uses  of  a  plan imp ter,  instead  of  using  always  a  single ' 
closed  circuit  about  a  center,  the  integration  here  continues 
over  an  arbitrary  succession  of  complete  or  partial  rotations. 

For  a  discussion  of  the  theory  the  .  foil owing  schematic 


Rotation  of  the  shaft  marked  Murt  imparts  (by  lead  screw) 
translation  to  the  (square)  carriage  and  to  the-  ( circular)  disc. 
Rotation  of  the  shaft  marked  "v"  imparts  rotation  (in- the  '  .  f 

horizontal  plane)  to  the  disc.  Resting  on  this  disc  is  the 
circular  roller  (of  fixed  position  in  space)  whose  vertical 
projection  only  is  shown-.  This  roller  acquires  ro^at ion  ■ 
through  friction  contact  with 'the  1  disc ,  this  rotation  being 
transmitted  back  into  the. main  machine  through  its,  axial  shaft 
marked  V  ,ae  the  output  of  the  integrator.  For  a  small  angle  ' 
of  the  main  drive  of  the  whole  machine*  a  (calibrated  to 


measure  displacement  of  the  roller ...  from, the  ,  center  of  the  .  ' 

disc)  remains  approximately  constant,  the  disc  turns  through,- 
an  angle  proportional  to  dv,  and- the  output  shaftrturn-s  ;  ,; 
through  an  angle  dw,  proportional  to  udv  since  the  peripheral  a: 
travel  of  the  roller  (this  being  of,  fixed  radlu  a )  var  ie  s;-:' .  fl/v , 
jointly  with  the  angular  displacement,  dv,  and  the  radial"  • 
distance,  u,  of  the  point  of  contact.  Thus  JC<jLw •  ••'$4$. barf 

Kir  -judv  t  0.  The  calibration  may  ha  adjusted  so  that  }C A:h;. a-a 
is  either  zero  or  some  other  desired  constant,  .  ■ 

so  fixed  that  with  u  set  as  constant  and  equal  to.  32,  each 
complete  rotation  of  the  v  shaft  is  accompanied  byAohf^complat^: 
rotation  of  the  w  shaft.  Hence  K  s  52. 


The  lead  screw  on  the  integrand  shaft  (u- shaft) 
which  regulates  the  travel  of  the  disc  carriage  is'threaded  to 
give  one  inch  of  travel  to  ten  revolutions.  Its  threaded  p opt i 
permits  travel  from  -40  to  40  revolutions  from  the  central 
position,  or  a  radial  displacement  of  4  inches*  /  V 


Experiment  with  the  Analyzer  in  its  present  form 
seems  to  show  that  an  integrator,  unit  should  not  be  run  at 
a  speed  which  will  cause  the  output  shaft  to.rotate  .faster 
than  000  revolutions  per  minu te , <lu«  fcp  iJwuttftttfrts  0# 


As  to  the  arrangement  of  integrator  units,  experience 
with  undpsired  vibrations  suggests  that,  it  would  be  wise,  'other 
things  being  equal,  to  place  close  together  any  two  integrator  ;• 
units,  if  the  output  of  one  is  to  food  -in  as  different i#l.  \  '  "  ■ 
input  of  the  other •  This  is  the  principle  observed  in  •  ' 

numbering  the  integrator  units  in  this  Report*  ■  .,.b;y‘v;'/'->vb^;^Kbv- 

We  may  remark  for  those  unfamiliar  with 'the  meHlhery- 
that  the  lead  screw  is  a  shaft  threaded  to  constitute  a  long  / 
screw.  This  screw  passes  through  a  nut  which  in  turn  ■/$ 

attached  rigidly  to  the  carriage  which  would,  otherwise  be  See 
to  slide  on  ways  parallel  to  the  lead  screw*.  Rptat.iph''' bfs'the 
shaft  causes  the  nut  (and  carriage)  to  hove  along  the  ways  a. 
distance  proport  ional  to  the  rotation  of  the  shaft..  In  'the  bf'  iv 
Differential  Analyzer  many  of  the  lead  screws -are  threaded  to  , 
give  one.  inch  of  translation,  to  twenty  revolutions " 
others  give,  one  inch  of  translation  to  ten  revolutions.*.'  .'  IV" 


F.  Tho  Tables  ■  >r.,  ■■  '  .  ■  St..- ,  v,v tv b ,^^;V  ^.'Vf 

There  are .  five  Tables! situated  along  this  right  Aide 
of  the  main  frame.  These  table, s  •  differ  among  themselves  :t 
according  to  their  purpose,  v  They  are'  rectangular  in  f o.m*t  ■ 


All  except  the  third  are  (how)  kept  tilted  desk-wise,  and 
are  easily  observable  by  the  operator  of  the  main  machine. 

From  the.  original  specifications  we  may  quote  the  following: 

"The  ......  Table  has  a  lead  screw  which  moves  the 

carriage  (horizontally)  in  the  direction  of  abscissas0  The 
carriage  extends  perpendicularly  across  the,  table  in  the 
direction  of  ordinates,  and  on  it  moves  a  slider  carrying  a 
pointer,  A  second  lead  screw  located  on  this  carriage  moves 
this  slider  and  is  driven  through  a.  pair. of  .spiral  gears  by  '. 
another  gross- shaft  of  the  device.  This  second  device  . is 
also  controlled  by  a  crank.  Thus  if  the  first  shaft  is 
connected  to  the  machine  so  as  to  revolve  proportionally  to 
a  certain  variable  and  if  the  crank  is  turned  so  that  the 
pointer  always  Registers  with  a  curve  placed  on  the  table, 
the  second  cross-shaft  may  be  connected  to  pass  out  into  the 
analyzer  a  function  represented  by  this,  curve  and  , with  t hi s 
variable  as  argument." 

The  pointer  with  its  auxiliary  reading  glass  is-  now 
replaced  in  the  three  input  tables  by  an  automatic  follower  to 
be  described  later.  At  Aberdeen  each  Table  was  also  equipped 
with  a  knurled  lock  collar  for  engaging  and  disengaging  the 
shaft  controlling  the  motion  of  the  slider  in  the  Carriage, 

The  motion  of  the  carriage  is  in  most  cases  no  longer  controlled 
by  a- single  lead  screw,  but  more  rigidly  by  a  pair  of  synchro¬ 
nous  ilead  screws  (at  twenty  revolutions  per  inch),  o»e  along 
the • near  edge  and  one  along  the  far,  edge  of  the  Table,  .  In 
the  Vector  and  Division  Tables  this  pair'  of  lead  screws  also 
is  controlled  by  a  crank  on  the  far  lead  screw  with  attached 
drum  and  counter,  the  drum  to  show  partial  revolutions,  the 
counter. to  show  the  number  of  complete  revolutions  of  the 
lead  screw  and. thus  the  travel  of  the  carriage;  in  each  of 
these  tables  also  there  is  a  corresponding  counter  and  drum 
for  showing  travel  of  the  slider.  The  hand  crank  for  the 
slider  has  an  adjustable  gear  ratio  box  with  ratios  respectively 
( from  the  out  side  )  of ;  l/l ,  2/1  ,  O/l ,  and  1/g.  Ade quaia  means 
of  lubrication  are  .  of  course  now  provided  at  all  necessary 
points.  '  The  range  of  the  abscissa  is  480  revolutions,  of'  the 
ordinate  3£>0  revolutions.  b  ;.l 

The  "Division  Table"  and  the  "Vector  Table"  are 
essentially  modifications  for  use  with  automatic  followers 
of  the  "Polar  Input  Table"  designed  by  Dr.  Bush  for  many 
purposes  and,  described-  by  him  in  part  as  follows*  , 

b "An  important  addi t ion  which  greatly  increase s,  the 
convenience  and  'flexibility*  of  the  machine  is  a  eomhiiied -polar 


input  table  .  and  multiplier.  The  polar  ,  table  consist^  essen¬ 
tially  of  a  large  circular  plate  which  can  be  placed  in  position 
on  the  platen  of  an  input  table.  This  plate  can'  be  turned 
by  means  Of  an  additional  cross  shaft  by  a  worm  and  gear, 
so  that  its  angular  movement  is  proportional  to  the  revolutions 
vof  the  cross  shaft.  The  connection  as  a  multiplier  will  be 
treated , below.  There  is. a  handle  which  is  geared  to  this  ’ 
third  cross  shaft  so  that  it  .may,  when  desired,  be  turned  . 
manually. " 

"The  "worm  gear  drive  may  be  disconnected  and  the  second 
form  of  drive  mentioned  above  used  in  its  stead.  The  circular 
plate  is  now  replaced  by  a  bar  having  on  its  face  an  accurately  • 
scribed  line  passing  through  the  center.  ......  In  this 

arrangement  the^e  is  a  lead  screw  placed  parallel  to  the  axis 
of  abaci ssas ’ and  driven  by  the  cross  shaft  previously  connected 
to  the  worm  and  gear.  On  this  lead  screw  travels  a  carriage 
v;ith  a  swivelled  bearing,  and  through  this  bearing  passes  a 
rod  firmly  attached  to  an  extension  to  the  shaft  carrying  the 
bar,  and-  located  perpendicular  to  the  axis  about  which,  the’- 
bar  revolves.  Evidently  with- this  arrangement  the  revolutions 
of  the  third  cross  shaft  will  be  proportional  to ‘ the  tangent 
of  the  angle  turned  through  by  the  bar.  Gall  the  revolutions 
of  the  third  cross  shaft  from  the  position  in  which  the  rod 
is  perpendicular  to  the  lead  screw  a,  and  the  revolutions  of  the 
other  cross  shafts  from  the  positions  in  which  the  pointer, 
lies  at  the  center  of  the  plate  x  and  yv  If  the  manipulation 
is  such  that  the  pointer  remains  always  on  the  diametrical 
straight  line,  we  have  then 

y  *  xz 

with  proper  proportionality  factors  not  now  considered. 

There  is  thus  available  a  multiplier.  If  x  and  z  are  driven 
from  the  machine ,  .  and  y  is  controlled  manually,  a  product  of 
two  variables  is  obtained  and  passed  out  to  the  machine. 

Either  x  or  z  can  go  through  zero  and  take  on  negative  values. 

If .we  control  x  and  y  by  drive  from  the  machine,  and  control 
z  manually,  a  quotient  can  be  obtained.  Of  'course  in  this 
case  x  can  not, go  through  zero  unless  y  doe s , simultaneously. 

The  choice  of  scales,  and  scale  changes  during  a  solution 
when  necessary,  will  maintain  the  pointer  normally  at  a 
considerable  distance  from  the'  center  of  the  plate.  This 
matter  of  scales  always  needs  to  be  considered  in  connection 
with  the  question  of  precision  in  the  use  of  an  in^put  table 
or  multiplier.  The  maximum1  angle  with  the  .axis  of  abscissas 
through  which  the  bar  can  turn  when  the  multiplier  arrange¬ 
ment  is  in  use  is  a  little  over  45  degrees.  When  this  is 


inconvenient  the  bar  may  be  undamped  from  the  re3t  of  the 
me chani am,  rotated  through  90  degrees  and  then  clamped 
again  30  that  the  straight  line  occupies  a  position  perpen¬ 
dicular  to  the  lead  sere?/  when  2=0.  Wo  have  'then  an  : 
interchange  of  variables,  eo  that 

x  =  yz.w 

The  "Division  Table"  remains  essentially  as  thus 
described  by  Dr.  Hush.  However  to  prevent  destructive 
jamming  due  to  passing  reasonable  limits  of  travel,  an 
automatic  cut  off  switch  breaks  the  .current  to  the  main  drive 
motor"  when  -the  3wivel  nut . reaches  an  end  position.  A 
further  modification  was  required  for  the  .Vector  Table. as  .. 
designed  by  Dr.  Dederick.  The  grooved  bar  which  directs  the 
follower  in  the.'  Division  Table  is  now  replaced  by  a  dotted 
guide  bar  placed  as  in  the  Division  .Table  .on-; a  rotating  '■ 
pedestal  turning  in  ball  bearings • in  the  face  of  the  Table.  . 
The  slotted  guide'  bar  carries  a  sliding  nut  (or  cross  head 
block)  capable  of  moving  radially  from  the  center  to  'the  end, 

•  of  -the  guide  bar  but  controlled  by  a  lead  screw,  itself  ■<;_  :■ 
driven  by  , a  flexible  cable  drive.  This  cable  drive. is  turned 
by.  the  magnetic  clutch,  motor  regulated  by  the  follower.  There 
is  recessed  in  the  sliding  nut  a  raised  edge  on  which  the 
follower  rides,.  In  the  Vector  Table  .  the  abaci  sea  '  is  the,  hori¬ 
zontal  component  of . pro jectl le  velocity  with  respect  to  the 
air  and  the.  ordinate  is;  the  vertical  velocity  component. 

The  radial  displacement  fed  back  to  the  machine  is  the  1  ' 

velocity  with  respect  to  the  air.  (distinguished  from 
velocity  with  respect  to  ,  the.  ground  only  in  the  case  of. 
reduction  of  observations,  or  to  take  account  of  the  earth’s 
rotation) , 

It  may  be  of  interest  to  contrast  briefly  the  two 
tables,*,  the  Division  Table  and.  the  Vector  Table.  '  In  each 
case  there  is  an  abscissa  (fed  by  the  fifth  cross  shaft  of 
a  long  bay) ,  an  ordinate  (.fed  by,  the  fourth,  cross  shaft),: 
an  angle  of  orientation,  and  a,  radial  distance.  In  the. 
Division  Table  orientation  is  -controlled  directly  by  a  lead 
s crew  acting  on  an  arm  below  the  face  of  the  Table,  the  ami 
being  rigidly  connected  with  the  bar  of  variable  orientation. 
Tor  this  table  it  is  the  radial  distance  which  is  not 
recorded  and  remains  unimportant ,  In  the  Vector  Table  the 
radial  distance  is  controlled  directly  by  a  lead  screw  from 
the  follower,  while  the  orientation  is .not  recorded  and  remains 
unimportant.  In  each  of  these  tables  the  output  of  :the  table 
is  fed  back  into  the' main  .machine  through ' ’the'  sixth  cross 
shaft  of  a  long  bay.  .  '  ' 


In  the  Division  .Tails',  only  the  first  quadrant  is 
utilised.  The  maximum  displacement  of  abscissa  or  ordinate 
{from  the  origin  in  the  eenter  of  the  table)  is  for  45° 
inclination.  Hence  the  range  for  both  the  abscissa  and 
ordinate  is  restricted  to  the  interval  from  zero  to  180 
revolutions.'  The 'quotient  lead  screw  is  threaded  at  ten 
revolutions  per  inch  of  travel  and  is  limited  to  little 
more  than  nine  inches.  The  output  is,  however,  geared  at  4 
to .  1  so  that  the  output'  shaft  ha,s total  range  of  3G0  revo¬ 
lutions  .  V  '  ‘ 

-'In  the  Vector  Table.,  two  quadrants  are  in  customary 
use,  since  the  vertical  velocity  component  may  be  of  either 
sign,  while  the  horizontal  component  remains  essentially 
positive.  The  horizontal  component  is  in  practice  restricted 
to  appT'oximately  from  0  to  '+  180  (in  revolutions),  thp 
vertical  component  may  range  from  -180  to  +  180  (in  revo¬ 
lutions)  .  The  radial  distance  is.  subject  to  the  same 
limitation  in  absolute  value,  with  maximum  at,  180  revolutions. 

The  third  table  to  be  mentioned  is  the  third- -and 
last  input  table,:  It  is  the  able  * •  It  carries 

securely  fitted  a: 3/32  aluminum  template  (changed  when  needed) 
upon'  a  3/16"  aluminum ' base  plate ,  and  so  cut  out  that  .its 7 
edge  ridge  represents  {save  for  1/8”  clearance)  the  appropriate 
drag  function  (u)  where -u  is  the  "adjusted  speed",  .(discussed 
later)  ,  and  vB^tu)  is*  the  air  resistance  function  appropriate, 
to  the  projectile  considered,-  This  table  has  a  single  input , 
u  1  and  has.Bj/u)  as  output*.1  The  automatic  follower  on, this 
table,  on  reaching  the  position  of  maximum  ordinate  ,  closes 
buzzer  switch. ,  This' buzzer  .  serves  to'  direct  the  attention.  ' 
of  the  operator  t o  the  fact  that  a  steep  part  of  the  B-curve 
is  being  reached,  and  that  the  operating  speed  of.  the  whoie 
machine  should  be  lowered  in  order,  that  the  follower  may 
not  fail;  to  function ,  *  "h,  . 

■  For  this  table  the  total' horizontal  and'  vertical  ■' 

span  of  the  table  may  be  used,  480  revolutions  (or  24  inches) 
horizontally  and  360  revolutions  {or  18  inches)  vertically. 

,  :  Another  table  is  the  Output . Table ,  relatively  little 
used  at 1 pr&sent .  It  is  described  in  the  official  Specifi¬ 
cations  as  follows*  1  -rh'  ...  '."  •'  :. 

"Description,  of  the  Output  Table.-'  ,  pVVy 

.The  output  table  is  very  similar  to  the  Input.'  V 
Table  except  that  there  are  on  the  carriage  two  sliders  each 
driven  by  its  own  cross  shaft  and  each  carrying  a  recording 


pencil.  The  cross  shaft  which  traverses  the  carriage  is 
ordinarily  connected  t-o  revolve  proportionately  to  the  inde¬ 
pendent  variable,  hu t.  may  he  connected  otherwise.  Any  two 
chosen  quantities, may  he  simultaneously  recorded  by  properly 
connecting  the  cross  shafts.  The  two  pencils  are  placed  so 
that . they  record . in  the  same  vertical , line ,  provision  being 
made  to. allow  one  pencil  to .pass  the:  other  without .interference. 

When  both  pointers  are  used  the  independent  variable 
is  the  same  for  both,  the  dependent  variables  serve  to  describe 
two  cil s- it. pet  functions  of, the  independent  variable.  Ordinarily 
when  used  at*  all, '  if  the ,  independent  variable  is  T,  the 
-dependent  variables  might  be  X  and  X1  or  again  1  and  ¥’ . 

For  X  as  independent  variable  one  may  plot  the  ordinate  Y 
,ard  the  velocity  V  as  functions  of  X, 

.As  with  other  Tables,  the  fourth  cross-shaft  of 
the  lofig  bhy  moves  a  slider  'and  pointer,  along  the  carriage  in 
the  direction  of  ordinates.  The  fifth  cross-shaft  moves  the., 
carriage  in  the  direction  of  abscissas.  .  The  sixth  cross-shaft 
may  be'  used  tq  move  the  second  slider  and  pointer  on  the  same 
carriage  in  the  directions  of  ordinates  for  a  second  dependent 
variable..;'  •  ’  \  //  ' 

The  last  table  to  be  mentioned  is  now  used  for  laying 
■out  templates.  The  abscissa  is  controlled  by  a  hand  crank  oh 
the  far  edge  of  the  table  and  turns  the  fifth  cross-shaft  of 
the  long  bay.  The  ordinate  is  tprned  by  separate  hand  crank 
at  the  near  edge  and  transmits  rotation  to  the  fourth  cross-  - 
shaft.  The  sijrth  cross-shaft  is  removed  or  remains  .  idle . 

This  Table  is  not 'interconnected  with  other  shafts  of,  the 
main  machine.  Counters  and  drums  are  attached, to  the-  two 
cross-shafts  used,  and  with  their  aid,  the  pointer  locates 
accurately  points  to  be  pricked  on  a  blank  template  sheet, 
and,  to  serve • as  guide  points  in. marking  a  curve  along ’which 
the  template  is  to  be  cut.  The  "cut  is  made  with  1/8  inch 
clearance  from  the  guide  points.  ■ 

7  :  The  large  circular  plate  for  polar  input,  which 

came  as  part  of  the  initial  equipment  of  the  Differential 
Analyzer,,  is  . at  present  detached,  as  are  the  reading,  glasses 
designed  to  follow  the  pointers  on  input  tables  when,  these' 
are  operated  manually. 


G>  The  Adders 


fly  an  ’’adder H,  indicated 
is  me  ant,,  a  s  suggested  -previously, 


in  diagrams  by  the  symbol 
any  sort  of  what  is 


commercially  known  as  a  ”differential  gear'1;  which  can  "be 
connected  to  three  shaftsso  that  the  nuaher  of  revolutions 
of  one  will  he  the  sum  of  the,  numbers  of  revolutions  of  the 
other  two*  To  avoid  possible  confusion  v^ith.' a  differential 
input  Mdv%  we  shall  regularly  use  the  word  Haddern.  In  the 
Differential  Analyzer  at  Aberdeen,  the  adders  are  all  of  a 
common  pattern--  a  "beveled  gear  type.  The  two  terms  to  "be 
added  are  fed  as  rotations  into  the  adder  housing  by  collinear 
eotermlnal  bus- shafts,  the  sum  being  given,  (with  reverse  sense 
of  rotation)  by  a  bus-shaft  parallel  to  and  co terminal  with 
the  shaft  extending  beyond  that  of  one  of  the  two  given  terms . 
A  schematicf  diagram  is  as  follows:  -VI'"  ,  ,>•/  •  . 


(j-v 

.t  .  •  ■  ■ 


The  housing  ramies  two  45°  beveled  transmission  gears  meshing 
with  congruent  gears  on  the  abutting  ends  of  the  input  shafts. 
It- thus  acquires  a  rotation  equal  to  thS  arithmetic  mean  of 
the  rotations  of  the  two  collinear  but  oppositely  extending 
input  shafts*.  The  rotation  of  the  housing  is  transmitted 
through  an.  .external  gear  by  a  -i  ratip-  to  a  parallel  shaft 
which  thus  rotates  (in  reverse  sense)  as  the  sum  of  the 
rotations  of  the  input: shafts. 

.  -o-It  may  be  noted  that ,  the  algebraic  relation  is 
entirely,  eyrmetrical  in  the- three  variables.  One  has 
u  4-  y  +  w  -  0,  when  sense  of  rotation  is  considered*  • 

:  Associating  the  externally  geared  variable- with  the  output, 

•*w»  is  a  matter  Of  mechanical  procedure  .Kb  .•  ::/Urv;; 


As  Dr.  Bush  remarks#  "There  are  provided  also  sets 


of  spur*  gears  which  can  be  connected  between  adjacent  shafts 
to  that  one  will  drive  the  other  wiffi  a  cjbosen  rati#^of 
.  speed,  These  last'  units  are  inserted  as  needed  in 

the  body  of  the  Table  h  >  .  "• 

There  is  a  normal  direction  of  forward  drive  for’ the' 
prime  motor  which  is  said  to  give  a  positive  rotation  for  the 
initial  bus.,  shaft  chain-geared  to  it.  .  Any  other .  bu  s .  shaft  s’,  will 
be  regarded  as  rotating  in  a. positive  sense  when  it  -  rotates--'  •• 
in  the  same  direction  as  the  initial  shaft.  It  will  be  recalled 
that .  all  bus  shafts  -are  parallel ' so  . that  sameness  of  rotational 
direction  has  an  unambiguous  meaning.  Two  r o t a t in g • bus  shafts 
spur- geared  'together  by  a  single  pair  of  gear  wheels  will  V 
n  e  ce  sp  ar  ily  ro  fra  t  e.  i  n  opposite  diroot  ions  -  ■  since  enme-she  d 
.gear  teeth  are  ..instantaiieouel^  'moving/  in  a  common  tangential  . 

■  linear:.  direction/  If  one  is .  fotat ing. pos itive ly ,  the-  other  is  ■ 
rotating. •negatively*  The  ratio  of  rotations  is  then  negative! . 

';v:  1%  ''tOhhnical  notation  the  spur  gears  are  14 involute 

24  diametral  pitch,  inch  face,  ,5000  inch  bore  with  inch  huh 
,  on  one  side,  of  1"  diameter.  Each  hap  one  f  inch  set- screw  28 
Tap,  located  i-  inch  x roai'-  the.' ■  hub.; end  of  gear.  The se..  spur  gears 
o.orae .  ini  interme shed  pairs  with  1  7/8  inches  between  centers, 
throughout,  and  hence  /with  -24  diametral  pitch)  have/a  .'total : .  .  • 
of  9.0  .teeth  for,  the- matched  gears  of- ;a  pair.  > 

The  reference-  to  v.oltkfrg .^'.concerns  the  shape  of 
'the  teeth*/;  .The  .diametral '.pitch  indicates  the'  number  of  teeth. 
per'  inch  -of  .pitch  diameter,  where/ pit ch  diameter  is  the  /,/:  v 
diameter  ..-of  the;  pitch  circle  passing  through  the  contact’:' 
/points  on  the  line  of  .centers  between  two  enmeshed  gear  .-'Wheels . 

The  gears  hitherto . used  have  been  practically  ;.y.vC  ’. 
confined  to  . the ; f o llpw ing .  li st i  .  -V  ■  ;  , ;  •• 

Teeth  on  -larger”  wheel  45  50  54  GO  72 

Teeth  on  '* smaller”  wheel  45  .40  30  30  18 


/"//^Coupling  Coefficient  - 


-2  •  -A 


are  also  a  very  few  “special;*  gear  pairs ,  ' 

namely,  some  with  coupling  Coefficients  -32/13,  -11/4,  -.7/2* 

In  -Dr .  Bush’s  art i cle  one  reads,  "The  binary  system  has;  been 
adhered  to  in  nearly  all  gear,  ratios  so  that .  spur  gears  which 
may  be  introduced  to  .connect  adjacent  shafts  are  ..  supplied  /hr'/ 
in  ratios  -*.lxi,  -1:2,  and  -lt4*r:.  0  one  iderai;  ions  of  mechanical 
strength  limit  the  choice  to  gears  of, not  Less  than  16  teeth. 

To  malte  available  ,  a  reasonable  measure  of  the 


ranges  and  loads,  it  was  necessary  to  drop  the  rigid  adherence 
to  ratios  in  the  binary  scale  and  to  introduce  coupling 
coeff  icients,  -5/4  and  -3/2  freely.  p  A  further  study  directed 
toward  possible  utilization  of  other  gear  ratios Within  the 
same  general  setup  of  a  total  of  90  teeth  per  pair  has  recently 
led.  to  the  ordering  for  regular  use  of  the-  folio-wing  combi¬ 
nations  also?  •  '  ;  ■  :r  :  V; 

.•  •••-;  Teeth  on  larger  wheel  46  -  43  55  v- •  ■ . 

Teeth  on  small  whs a 1  44  42  35  If 

Coupling  coefficient.  -23/22  -F./7  -11/7 

A  table  of  the  fractions,  dee idals  lying "between  .5 
and  2.0,  which  may  be  secured  as  coupling  coefficients  by  use 
of  at  most.  three  gear  pairs  (with  a  change  of  sign)  appears  ,.r 
■appended  to  this  Report.  For  decimals  outside  of  this  range, 
a  power  of  4  may  be  introduced.  . /  .  v'  -  —  .  •:  •  -  ",W  ;  y 


I  •  The  Re c order 


The  recorder  is  described  as  foil 
oecificat ions  (March  15,  1§35):  ■  v  . 


ows  in  the  original 


"Be script i on-  of  Rec order 

(a)  • ,  ..fPro  vision  is  made  for . tabulating  successive  values 
of  several  variables  as  functions  of  one  of  these  variables  (for 
equal  intervale  of  the  ■  variable ) .  The  re c ordsi* •  pr ov ids s  the  means 
by  which  this  tabulation  is  accomplished.  W-  . .  f  "  ;  ■■-. 


(b)  "The  recorder  ;eo5nei sts  of  a  battery  of  s  ix’ ;  (  $  )  five 
digit  counters  each  of -Which  is  connected.;  by  ’a  flexible  shaft 
to  that  counter  shaft  of  .the  analyzer  .which- is  generating 
continuously  the  values  of  the  variable  ./whose  values  it  is-. 
desired  to  -tabulate.  The  counter  wheels  are  provided  with 
raised, numerals.  Opposite  the  counter  wheels  and  operated 
independently  of  the  counters  Is  a  battery . of  air 
pistons,  .....  By  means  of  these  pistons  an -jinked 
impression  is  taken  of  the  counter  readings  on  a  continuous 
roll;  of  paper. 


(e)  "The  charge  and  discharge  of  the  compressed  air 
which  actuates  this  printing,  device  ;4s  controlled  by  a 
Master:  printing  ■  Cylinder. ■  A  master  -pi stbnVi  s  held  against  - 
a  compressed  spring  by  means  of  a  latch'.  Btud*  •  .... 

There ‘are  three,  valves  operated  by  a  cam  shaft  S-o  that  When 


'V 


•n  '■ 


two  valves. -ara  open,  the  third  ,  is;  closed,  vi/hen  these  two. - 
valve#  are  v  open  the  valve  in  the  right  (when  reading  the 
drawing?  permits  a  charge  of  air  at  approximately  4.5  poundsf: 

4  pep  square  .inch  to  f  ill  .the  upper  air  chamber,  while  the  f  ' 

.  middle  valve  releases-  the  back  pressure  in  the  piston. 

Simultaneously  with  the  opening  of  the  two  valves,  the 

electrical  control  .sends  current  through  the  solenoid  which  -  . 

releases  -the  latch  Stud  and  the  piston  is  driven  to.  the  left 

by  the  release  of-  the-  spring.  One,. half  revolution  further  - 

of  the  cam  shaft  ,haush|f':the  "  third  .  valve  to  ,  open ,  thus  .  %  - 

admitting  compressed  air  to  the'"  head  of  the  master  pi otpn, 

and  restores  it  to  its  coeked  position  in  readiness  .for  the 

next  cycle*  t  \  '••  *  . -h  •••;•.  j-  •-  .  ..  '•  .  "  •  '\ 

(d)  “Provision  is  made  for  moving  the  paper  and  Inked  , 
ribbon  after  each  printing  operation. M  '  ■  ;v'^hhh>v;;-.y 

1  i  ..  '  b  Thpelectrical  equipment  installed  on  the  recording  . 
counter  Is  .  so  de  signed  that  the  recording  action .  of  theyuni  t  :  •’  /'... 
be  comes  automatic  after  a'  re  cording  impulse  i  p  ..f  urnx&hia#  b  i  ther 
ty  an  operator  or.  autoEia  tie  ally  by  the  cam  contact  3  ocat  ed  at  t-by?: 
the  far  end '  of  vthe 'different- ial- Analyaer. 

,  ',;.i:-Cp^tiKUing  from'  the  Specif  lcations ,  we  read;  ■;  % 

’fbh  bA  system  of  relate;  is  provided  far  this  pu r p 0 se ’ ;.  • 
so  arranged:  that  upon  receiving  the  .  impulse,  'the! replay  yVy.- 
.System,  acts,  first  to  exclude  the  effect  of  an  additional  y by;'., 

impulse  bef  ore  the  operating  cycle  .  ic  completed  ,  ..then  to  •  ;;;  y • ;  ■. ;  -b;y  b: 
actuate  the  trip  solenoid  of  the  recorder,-  then  to  actuate' 

■  the.  motor -and  •  elu  t  ah  operating ,  the  resetting  .mechanism,  and  t  1  .y  tyb 
then  to;  restore  the  relay  system  TO:.nbu;tral '  so  as  to  be  ready  b.b-'b'bh, 
fob  ; the  next,  impulse.  th  .,y- b;,  'r<  -  .  ^  /y>h  h  -yb'.:  '-.  yl  - T  b)-;.  h'-bb 

•'  ;  "The  power.;  supply  for ;■  the  recobdihg-  couhter  will  .hp.  r 
obtained  'from  an  individual  transformer  ahd  rectifier  .in  v  • ; '  .  t 
order  to  prevent  polar  .operation'  cf  the.  ki@.iri  control -.circuit  ;  . 

due  to  surge 'set  up  by  the  re c order ,  fhe /transformer  and  Vryb'.-y 
rectifier  tube  are  mobhted  or, , the  main  control  panel.'/;  A  bbty.  _ 
suitable  ';ia#e  delay  relay  is  .mounted'. t:o  prevent;  operation  ;  1;.  by  A  hi 

until’  a  rectif  ier  f  ils]ment  ;:iPt^bate:d-.;,y:’;  ■;, b Jt  '  T',':'  :J% 

-  .  ••  “An  outlet;  ^fenel :;as  mounted  directly  on.the  recorder  '  b\  V 

together  Ti'th  the  relays  controllihg  the-  recorder*  .  This  pa  ml 
"  ha  a  a.  13a  in.  power  .switch  and-  its  associated  indicating  lamp 
-arid,  three  groups  df  eintact  positions  $  each  of  which  c  out  aims  r-tr 
s  switch ,  indicat ihg  and  .two  prorig-outlet .  Jach  of  these 

three  jgroupS'-prbyide'th^diiicriblfrbfe;^ichL  the.  recorder  .can  he-  •"  ,  ' 

.  actuated.  It  is  only  necessary  to  pliig  into  the  outlet  of  a  ; 


group -'any-;  contacting  •  arranjg.eme'  rtf  which  will  close  a  circuit 
5heu  the  ’recorder  is  ’tqq'bs  ' 


•f  ^  The  counter  wheels  and  .the  punch  although  functioning 
'  tagethorv&s; :,a :  recorder^ ■'^re;&eehanl easily  essent  tally'  independent » 
The'  cMn'fe^'^whe e Is  of  thetpr inter  continue  their  rotation 
yielding  predetermined  intervale  of  either  X  or  I  as  may  .have 
been  previously  decided .  This  act  ion  i s  entirely  me chan i cal • 

On  the  other  hand  the  punch  with  gear- operated  cam  transmits 
electrical  impulse  to  operate the.  impress  ion  pistons,  .  .•••: 

themselves  driven  by '  c oiapre seed  air,'  The  printer  has. .shown ;  •; 
reiph.rkable  efficiency.  It  mka$  a  clear  impression  even  from 
a'  type .  wheel  moving  as  fast  as  400  r,p.,m*  .  '  ^ 

-The  operator  has  a  hand  punch  (like  an  electric 
pall  button)  and  uses  this  (at  present-)'-  to  print  a  further  - 
special  record  of  all  the  variables  at  three  positions*  at 
the  start,  at  the  summit,  and  at  the  end  of  a  trajectory. 

The;  summit  occurs  when  Y*  *  0,  and  the  operator  watches  the 
printing  wheels  for  the  moment  this  position  is  reached*;’1,.  • 
Similarly,  the  -end.  (level  point )  'is 'found  v/heh.  the  Y  s'  0  ■'-/ 
position  is  reached.  Automatic  devices  for  activating,  the  > 
punch  at  these  positions  were  made  but  have  been  discarded, 

•  l  -  An  important  part  of  the  operator*  s  general,  task, 
is  to  regulate  the  speed  of  the  main  drive  of  the  machine 
according  to  the  varying  output  of  the  tables  or  the 
performance  of  the  printer*  This  control  is, exercised 
tbtilb.fr'^ri^le  speed  control  box  located  at  the  left 
of  Hie,'  printer*  •  ••  -f  ", 


•The  compressed  air  is  furnished  through  flexible 
tubing,  from  the  machine  shop  on  the  floor  below,  Early 
experience  with  rust  indicated  the  need  of  an-  air  dryer  in 
connection  with  the  air  compression,  ,  The  compressed  air 
was  formerly  furnished  through  an  air  compressor  of 
capacity  1,2  cubic  feet  per' minute,  driven  by  a  quarter  , 
horse  power  mot  or,.  The  motor  was  controlled  by  am  automatic 
switch  which  open  a  at  150  pounds  per  square  inch  and  clos.es 
at  .  130' pounds'  per  square  inch.  The  guage  indicated 
pressure  up  to  200  pounds  per  square  inch  with  graduations  : 
every  5  pounds  per, square  inch.  At  present  this  special 
condenser  is  relegated  to  emergency  use,  since  in  the  . 
pew  Ballistic  Research  laboratory  building,  there  is  a 
•’house"  compressor  furnishing  compressed,  air  by  fixed  tubing 
throughout  the  machine  shop,  and  in -.particular  to  the-  dryer 
for  the  recorder. 

A  reducing1  valve  with  guage.,. to  indicate  pressures 


if. 


at  every  5  pounds  per  square  inch  up  to  100  pounds  per  square 
inch  furnishes'  pressure  to  the  recorder  at  ..approximately  46 
pounds  per  square  inch  constantly* 

■'  h  At  present  the  roll  of  paper  is.  placed  he  low  and. 
beyond  the  pointing  counters.  It  is  kept  slack  -by",  hand, 

The  slack  sheet  is  fed  by  motor  through  tho  printer  and  over 
aybrass  .  tr-ay; toward  the  operator,  t  A  band-pressed  cutter 
serves  to  cut  the  paper  at  a  convenient  place  after  a'. 
trajectory .  ,1a,' completed* A  hand  knob  is  used  to  start- the 
rev  sheet,  at  a  c onvenient  distance  from,  the  bottom  of  the  y,. 
sheet,  ‘Bach  printed  lihe  i3  placed  above  that  last  printed* 
At  present;  all  printed  re  suite  are  in  ’’machine  unite”  and  ’'-y-' 
must  be  multiplied  by  appropriate  '’conversion  faetore"#o 
obtain  results  in  standard  units,  feet,  seconds-,  etc.  To 
aid  the;  operator,  the  printing  wheels:  are  provided  npt  only 
with'  rdi-hed  numeral o  for  printing  but  also  with  a  set,  of 
easily' read  .impressed  numerals  placed-  , at  a  90°:  angle  of  - 
rotation  for  the  raised  numerals,  bo  that  numbers  about 

be -printed,  match  with  those  which  show  in  large  numerals  ■ 
in  front.  .'  }  -  ■  '  ; 

■  The  variables  (in  machine  units)  now  printed  are 
T *  X,  Y,  V,  Y*  j  Xf ,  each  to-  five  digits.  ■■-■For  each  variable 
the  right-most  digit  is  printed  by  a  continuously  rotating 
di.sc.  (as  distinguished  from  the  other  four  digits  each  of 
which  remifpa  stationary  except  for  instants  when  ft  is 
engaged  and  is  .  turning  to  the  next  number)  ahd  so  ,  -..  h  .  ;;  ' 

.  usually  appears  out  of-  alignment,  ;^nd  with  trace  of  an  yv 
adjacent  number,  fsho  wing*  Hence  one  can-  estimate  roughly 
•  a  sixth  digit  by  visual  in t e rpolait fon .  '  ;  '  ;  ;h. 

-  J %echa,?iibal; devices  to  eliminate 
.aooii-dehtal"  errors;; ’T .  •  k..  ,  .  '• 

-■•-f As  Dr*  Bush  .remarks-  concerning  the  Analyser,  -• 
nThe "attainment  -  of  precision  in' a  device  .of  .this  sort  granted 
sound  mechanical  design  and  accurate  construction  is  largely 
a  straggle  with  the  problems  of  back  lash  and  integrator 
slip.’1  The  use  of  ball  bearings  and  appropriate  bushings, 
suitable  lu  brie  at  ion,- arrangements,  accurate  rigid .  alignment 
of  Ws  shaft  housings,  universal  joints  between  approximately 
aligned  shafts,  free  fly-wheeld  ('fiamper  wheels")  attached  by 
slight  friction  (applied  by . spring©  •  or  felt )  t o  reduce 
fluctuation  In  angular  v slop ity, .;tt^':; -use  of  aynchroriized 
lead-screws,-—,  these  and  many  othei*  mechanical  dev  fees  'for  rt,  ■■ 
securing  smooth  running  wilihbe  pas sed  over  without  comment  1 
Hor  shall  we  discuss  the  operation  of  motor  or  magnetic 


clutches.  Kent! on  m&y  be;  made,  however  in  particular  of  ;;  /' 

(i)  back  lash  elimination,  (ii)  the  torque  amplifier ,  and 
(iii)  the  atttceiatic'; follower  with  .magnet. io  clutch  motor  drive. 

( i )  .  Back  lash  elimination.'*1  As  Dr,  Bu sh  remarks? 

.^Back  lash  in  theTiea^ecrew  drive  is,  almost  completely -removed 
try  using  two,  huts'  on  fbe  screwy  with' spring- backed  wedges 
Between  them  forcing  the  nuts  .apart.,  ."-the  wedge  ,  supports  ; 

Being  rigidly  fastened,  to  the.  carriage.-  By  proper  choice  of. 
the  wedge  angle  thin  A eheme  gives-  a  positive  drive  in  either' 
direction  while  allowing  the  alight' irregularities  of  the 
screw  to  he.  taken  up  without  'binding,"  This  device  is 
called  a,:ttlhahlQck"*y;*;#*».  "The.., -same,  idea  .is  utilized  in  tbs 
disc  drive.  On  the  d|‘gC  : shaft-  (of  the  integrator?  is  a  spiral 
mesh-  gearing-,  with,  two'-ppiral  pi nions .--located  ’In '  the-.-darriage 
and  driven  by  t Yip  symvie  trically  disposed-  horizontal,  aplined  . . 
shafts..  /;, ,  * , .  * ,  These  •  shafts  are  coupled  by  a  pair,  of  -spurt' .V- ' 
gear  ay -and  at  this 'point  is  introduced  the  laehloeky  .-pfeff 
lashlock-wedge  tends,  to  separate'  the  parts  against  which  it.--, 
presses  i-hysu'ch .  a  -manner  as  to  bring  ..gear  teeth 'into.,';  contact-, 
all  the  way  around  the.  double  -drive  to  the  disc.  -  y 

': '■"■'y.H -"A  Beriou s  -mat ter  in  any  Precision  devieay;;jtyy  -h.y 
(bade lasli)  becomed.  especially  important  in  this,  -.because; ./.the-'':  '  \ 
-in-terbpnhec't^'^,lbf  ‘units  Qf.teft.v-.r.end.a^a-  *'•  - 

/,  c#iaed:i'>fl‘i  is  ^presence .  -The.  problem  is  acute  when  ,it  if,  desired 
,t o  produce, . complete  flexibility,  for  the  way  in’  $■»<'. '. r; 

are bgethsr:  is  then  eont inually  .alter© d,  :y;y  '-hhv-:.->Y. : * 

-  .  _  ;'  :.flThe  general .  scheme,  of  - -at  tack  has  ■  '.beep.  '■as"'.;fb.tl:owe ":y ;  - 

With  In- they  drive  a-  of.  integrating  units  themselves  .hackla-shy'. 

.  has  bean  Substantially  eliminated  by  the  use of •  lashloc-Kst 
Elsewherfi.  .-it  has  been  hold  down  to  a  small  atiount-  by  careful ' 
construction,  although  a  certain  amount  of  clearance  \;is  y/v;y 
imperative  fbr  the  free  running,  of  .any  extensive  system; of  .* 
shafts  ai^fgearing.  In  apy  ,  ape  off  I'c  problem  the  effect'..^'  '  y,' 

,  a  given  backlash  anglQ  in  a  parti-cular  drive  can  then  -'fcb  ihe4- 
*,  duced  -  oy.  specifying  A  sales  so'  that  the  shafts  of  that  drive 
will  make-;  a  large'  total  -number  of  revolutions  in  the  course;-;’'' 
of  a  ...problem*.  :  jn  many ‘si  tuition's  ..this'  is  sufficient  t  yi/iy 
Finally, if. or  important  drives  where  .the  effect  of  backlash ; 
might  be  tespbc  tally  serious,  there  has  been 

which  can  be  conveniently  inserted  in  any.  such* drive  and'  which 
-reduces  the  influence  o f  .'baoklaRh  at  that  point  to-  al-se’s^nd-'-f'' . 
order  effect.  This  ;is,  in-realityj  a  unit' having  a-  negative ^ 

.  backlash- .which  .earn  ba  .;adj:ustod  to  compensate  f  or  the  p&s i t i ve 
backlash  pre sent  in  :  the  ‘ drive  into  which  it  is  -  inserted.";  It 
has  been  55.pt ly  termed  a  "front  lash", Yu  hit . 
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of  rot  at  ion 
part,:  Of 
the 

backlash 


:v.  :  .'‘The  underlying  idea  is  as  fpllovs*  The  unit,  when 

connected  into  a  line  of  shafting  ordinarily "furnishes  simply 
a  rigid  driving  eonnection  from  the  in-going  to  the  out-going 
shaft.  T*hen  the  direction  of  rotation  changes,  however,  it 
immediately  steps  the  outgoing  Shaft  ahead  in  the  mew  direction 
by  an  adjustable  amount.  This  it  does  during 
first  revolution  in  the  new  direction.  ...'Hence  for 
of  the  revolutions  up  to  the  next  reversal  the  ' net 
the  total  drive  is  brought  to  aero.  This  aetion ,  ■. 
is  repeated  at  each  reversal,;  so  that .  there  is  always  sero  • 
backlash  in'. the  shaft ,  exc ept  during  the  brie f  perio da,  at : ; ■■  ’  f 
each  reverasQ,  of  direct  ion.  The  effect1  of  backlash  itself 
be ing  small,  the  residual  effect  duel  to  this  transition  period 
is 


;’;.Vv '  'V v.  ’’When  the  drum  ia  up  against  one  of  the  stops,  the  -  ,; 
whole  mechanism  rotates  as  a  unit,  slipping  the  friction  "fend, 
The':  drive  is  then  direct  and  none  pf  the  gears  are  •  rotating  f  .  -' 
with  respect  tp  one  another,  all.  of  course,  ha v ing ia v c pramon  ..  . 
.po  tat  ionab  oufthamain  axis  *  If  the  direction  of  'rotation  •'  ;■ 
Kdffthe  rin-going  ^haft  13  now  reversed,  there  is  a  period  before 
step  i a  engaged  during;. which  the  drum  is  held.  .,  :  ■ ... 
<’ stationary  cby  the  friction  band*  Paring  .this  period  -the; 
but- going phaft  is  being  driven,  through  the  planetary  train 
ip '  such  manner  that  the  out-going  shaft,  revolves  about  ten; per 
.  Sent.  faSfnr. fhan  the  in-going  shaft.  This  continues  until  the! 
v oppesifelsi<^;’e.hg^gfiif when  the;  drive  is  again  one  t  o  one^.V  ' 
-fSvidentlVr^b factual'  angular; separation  of  the  stops  wfllVhe,;.; 
abqut-ten  times  the  angular  backlash  which  it  is  desired ;;to  1 ; 
can#el^4^4n|^;';hcnceVpan-' readily  -rbe  ■  set  with  precision. ...  The.W'fW ' 

need  be  but  little  more  than  tan;  . 

jo  the  load^impossd^V',;'’ 
the  presence  of  the;. 


e , 


ba^f^'^h^'lie'hdefban' 
f r i^iipn  ■ ' 1 6 f  due  oh 

.  per; ; cphi;*' ;pf  [the trahsmi tted  t 

on.  the  'drive  is  not  seriously  increased 

frontlash  unit.  :Vi 

.  manner  of -adjusting  a  frontlashmhit  is  as 

;'f oilers in  a  drive,  or  singly- connected, system, 
of  .  shaft siahd;  . gearing,  in  whieh,  it  is  important  that  backlash 

and  usually  near  the  output  end  of  the  1  - 
.  -driVbib  ^Idrive,  .|d.  marked .  at  each  <  end  so.  that  angle  s  may 
f^ysbhfefatsly'  nhts'd.  Thevinput  '  end  -I  s  then  turned  through 
several  revolutions  in  ons  direct!  oh  ,  brought  - 1 0  an1  accurate 
•'mark  andWhe output  positieh:  noted.  This  is- repeated'  in  -'W 
th^l'oppbsite  ''dire^ib^fr^e^btops'-arefthen-adjusted:  , 

■  there  -is. ; nohdef ectahle-;,’dif fere nce';; ih'the  position  of  -i 
output  ©hd  when-aihefihite  .positibh  pf  ;fhe  input-  end  is  'thue, 
apprbachedVffom  the'-, .two-  directions  of  rotation*  .Gear  .ratios', 
if .vpfehent/in;- 1 he  , drive . ' can  Web  d  i ly'\ be  t ake n  i n to  account... .fv. 
Usually  the  input Wild  of  the  drive- Will  be  at  the  roller  of  an 


*  .A}  v. 
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Antedating'  unit*  The  frontlash  unit  is  then  set  to 
cancel  the  backlash,  of  the  torque  amplifier  a  a  well--  as  that  /' 
of  the  'balance,  of  the, drive*  It  is  of  course  not  always  '  :  t 

necessary  to  cancel  backlash  in  this  Manner •  -Where  it  occurs 
in  a  drive  connected  to  an  input  table,  f  or’  example,-  i t •, may.  d  / '■?%}. 
if  necessary  he' compensated  for  hy  adjustment  of  the  plot'* /://--  . 

Six  frontlash  units  are  available,  and  this  appears  to  hey  'V;V  -  // 
a  sufficient  number  for  the  present 


{ ±i }  Torcue-a?3olif  iers.  The  problem  of  elimihationyf 
of  integrator  slip,  that  is,  of  slippage  of  a  sharp-edged  ;•'/  ■ 

rotating  roller  upon  a  horizontal 'rotating  disc’- 4s  largely  f 

one  of  reducing- the  loud  borne  by  the  roller,  while/  h'./V-  /"v 
necessarily  maintaining  at  high  level  the  output  of  .pqwer  -  //  ' 

on  a  shaft  synchronously  related,  t-6  the -roller  shaft*  The  % 
solution  of  this  problem  was  achieved  through  the  -,^e 
a  .  torque-amplifier  recently  developed,  by  the.  Bethlehem  t:  >;/// 

Steel  Corporation.  As  Dr*.  Bush  explains,  ’’This  1%,  •  in  -brie£.,.. 
a  device  having-  an  input  and  an  output  shaft,  ami l  s o  arranged 
that,  when  the  input  shaft  is  .turned,  the  output  shaft  .will 
turn  an  equal  amount,  but  with  a  greatly  increased,  torque ,  so 
that  a  small  torque  applied  to  the  input  shaft  is.  magnified- 
and  applied  to  ja  load.  The  energy  is  supplied  by  apt  ”  -•//,; 
independent  and  constantly-running  motor  which  drives  a  pair 
of  .drums  in' '-opposite-  direct!  ons, ..  The  .central  idea  ^hvolvedh- /■/  ' 
is  '.the  dse  of  friction  'tends  wrapped  around;  the  rotating  ;/•>./.'  •" 
drums,  A  small  force,  applied 'at  one,- end  of  such : a  :tertd  f  /-'-'/  ,'./- 
■  produces  a  much  amplified  force  at  .  the  other  end,/ the  x^t-i©  of  ,  /■■ 
these,  forces; varying  exponentially  with  the-  angle 'of  wrap',-' .  I' •  '•  '  ;: 

:  The  two  dr. urns  provide  for  rotation  in  both  directions. .  /.!///'■  .  ;/ 

figure  10  shows  the  basic  idea  somewhat  diagrarajsatically.  V' 


”A  study  showed  .that  about  a  pound-foot  of  output 
torque  from  integrators  '-'would,  probably  he  ample,  and  that,  . 
in  .  order  that  errors  due  to  load  might  "be  negligi  ble  within 
t he  1  imi t  s*  o  f  ' pre c i s i on  aime d  at,  the  t or  qu  o .  suppl ie d  "by 
the  roller  could  not  well  be  more  than  a  ten- thousandth  part 
of  this.  It  was  therefore  necessary  to  develop  the.  torque 
^amplifier  along  the  lines  of  very  Jjlgh  torque-ratio  and  very, 
low' input-, torque »  A  two-stage,  device  'was' '-found  necessary  in,  . 
order  that  the  bands  on  th<i  first  stage  might  be  exceedingly; 
flexible. and  thus  proper ly  controlled'  by  small  forces,  while 
.the  bands  of  the  second!. stage  might  be  sufficiently  rugged  -V- 
.  to  carry  the  load.  The  output  of  the  first  stage  simply 
mores  a  pivoted -lever  which'  in  turn  supplies  the  input  to 
the  second  stage  *  The  final  model  is  shown  in  Fig.  11, 

.The  rotating- drums  are  belt-driven  in  opposite  directions, 

.  arid  are  stepped' to  furnish  two  small- diameter; friction,  surfaces’ 
....  for  the  f ir at- stage  -  bands ,  and- ;■  larger  ones  for  the  second- 
stage  bands.  There  are  two.  concentric,  shafts,. -  i The  .internal 
•shaft;, is  .the  roller -shaft ,  held  in  a  light  bearing  mounted  in 
the  outer  shaft,  and  furnished  with  an -arm'  which’,  projects 
through  a  hole  in  the  latter.  This  arm  carries  the  input .  > 

ends  of  the  first-stage  bands,  which  are' actually  pieces  of 

-  -'a ilk- braided  fishline.,  the  output  ends  of  these  ba.nda  -being  J 
connected  to  the  pivoted  lever  mentioned  above.  The.second- 

:  stags  bands .are  heavy  cord,  with  their  Input  ends  connected  ' 
to  this  same  lever,  and  their .  output  ends  attached  to.  a  ring 
carried  rigidly  on  the  output-  shaft*  One  band  in  each  stage  - 
is  wound  clockwise -  and  the  other  counterclockwise.  Every  ‘  ‘  ' 

band  is  given  .two  and  one-half  turns  wrap.  There  is  a  very 
slight1  initial  tension  in  all  the  bands,  and  the  effect  of 
d . movement  of  the  input  shaft  is  to  loosen  one  pair  and 
tighten  the  other..  -The  relative  angular  mot  ion 7  between 
input  and  output  shafts  -  is  only  a  very  feW/.dqgrees  even,  when 
carrying  full  load*  •  This  angle  has  been  made  very  small  indeed 
in  certain  designs  produced  by  Pieman,  but  ,  in  the  design  ■  for  use 
with  the  integrator,  where  the  problem  of  extremely  -small  input 
torque  Is  paramount .it  has  been  found  advisable  ,to,  allow  it  to 
be  several  degrees*.  The  error  which,  might  be  caused-  by  this 
small  play  i-’s  avoided  by*  the'  use  of  the  vibration  dateper. 

This  is  na  relatively  massive  fly-wheel  on  the  output  -shaft. 

-  This  is  loose  on  the  shaft  and  coupled  thereto  only  through 
a  slight  friction  introduced  by  pressure  on  a  felt  washer. 

During  uniform  rotation  the- fly-wheel  simply  rotates  with  the 
shaft*,.  If  there  are  ’oscillations,  it  slips  and  introduces  a 
damping  force,  Its  presence  does  not  simply  limit 

the  amplitude  of  oscillations;*  rather  it  prevents  them  from 

-,  starting  at'.-.&ll,  -This  scheme  long  used  for  'limiting  the 
torsional  vibration  of  machinery  here  performs  a  new  function 
in  preventing  the  initiation  of  self-oscillations. M 


'  One  may  ^eoark  that'  the  replacing-  of  "broken  or 

■worn  straps  in.  the  torque-amplifier  is  one  of  the  more  common 
unavoidable  d&hses  of  shut,  down  of  the  machine.  The  proper 
insertion  of  f  new  fish  line  involving  overpassing'  and /  , 

•-  f  ■  underpassing  and.  the  .tying  of  end  knots  in  the  interior  “of  the  . 
■mechanism  is  one  .of  the  small  fussy  jobs  consuming  much  time 
in  the.  aggregate ,  r  ,  V  • /  "  •"  '-x\-  ''J  "  ■  ■' 

illi)  The  automatic  follower- with.  magnetlo:,'olutch  drive. 

The  automatic  follower  .with  magnetic  cTu'Ccfi  dr iv "  ' 
the  follower  proper.  to  he.-  described* 'below.-  (i-i)  of ":'k  constantly 
running  motor,  which  drives  on  one  shaft  I  ill) .  two  .  cylindrical 
insulated- wire  spools  (with  brush  connections)  with  each--.. of 
which  as  ain  electro-magnet  is  associated  (iv)  a  cast  ;iroh  ' 
disc. as  cdritaot  armature ,  (.with  thin  interposed  demf/gnet  isirfg 
.  .  „  copper  disc)  carried  freely  on'  the  main  shaft  and  free vtd '  j :■  v f 

X- >  move  laterally  through  a- slight  displacement,  in  the  other 

face  of  the  disc  are  set  four,  pins  which  engage  in  holes  :  in  (v) 
a  27- 1 oo thed  brass  sprocket  wheel  carried  on  ball  hearings  dh  ..v  v 
the. : shaft ; and  held  laterally  in  , place  by  a  sleeve  -.':.^,the  '  shaft ». 
Ordinarily  both  'sprocket.,  wheels  remain  idle*  ;Wheji:  the" ''Mllov/er. 
makes  either  vane 'of  its  two  contacts,  the  corresponding' a  he  of  ■ 
r  .  the*  spools  is  magnetised,  the  cast  iron  disc  (with  interposed  ; 

.j  .  demagnetizing  copper  di  sc)  ig  drawn  into  contact ,  and  -  through ,k ■*• 

the  pin3,  drives  the  associated  sprocket  wheel  until  the.-.- .  -•  ,  "  . 

•mstgnetic.  coatact  is:  released.  The  sprocket  wheels,  a-rorC&hhiSdied.  ' 
by  .ehai,n;\ drive -to  a' common  lead  screw,  one  chain  git^rig  direct ;;-v:  \ 
drive,'  the  other  'through  a  half-twi at  in  the  chain,  harrying  re¬ 
verse  drive.  Thus  when  either  sprocket  wheel  is  being  driven  ■  y: 

the  -other  is  carried  without  load  at  the  same  rate,  in  the  ‘7---V)V  -•  )•";■*'/] 

.oppoalte'-'directicn-. and  .  is  not  directly  connected  with  the  motor* 

.  •  .  ■  '  -■)  ::The  follower  proper  .which  with- its  bent  -steel  guard 

stands  sosfete  -6  inches  high! on  a  slider  which  latter  moves  on 
■  .  a  Mverti©al;fl).  carriage -along  para  guide  bars  by- 'act  ion  of  af  • 

lead,  screw* ))  The- •’ffrarrijs^e  as  a-’whoi^noves  horizontally  by  ,  '  )p- 

synchrohi zed.;lo'hd::)fecreWB,  one  .at:; .i-t.S'  -near- edge  i^oofcbbft")  .add '  '  Ujl 

the.  other it B„.vfar. .".e-dge-'1.i!top*^vi.;".A'  cylindrical,.'  brass  base  • 

7  con  tain  a -a  thick!'  oylihdrichl  plunger  .whose  lower  end  :  _v'  -  .  i'".;1'"  ",1- 

terminates  in  a  blunt  truncated  coney  (of  some  120°  vertical  y.  .v.h.',-- 
angle K  The  plunger'  working  under  gravity  alone  is  pivoted  ' '  ■ 

'-’  upon  an’  indicator ;  arm  Whio'h'  has, :a'-  lateral,  fork  engaging  with-  .  Vj-y 
a  fixodipivot  bar.  y.Thf  ..other  pnd  of  the  indicator  #iafhhrries  '"a-.  t 
a  bake  lit  e  disc#  ,  As'  th.O:  plunger  -rises  or  falls'  ^yondyhirrow  yv,;^ 

limits.  Contact  is  made,  on  -ohe  side  or  the'  other  by  tlie‘%f  -  V'';'  ~ '••V' 

bakelite  disc -  pro going  a  thin  vertical  conducting  iaetai;  atrip  ,  ;  yy 
with  copper  knob  against  another  such  strip*:-  Ad^a " v -•  •-  .  "% 

screw's  withv insulated  tips  regulate- the. -position  . of 4thefdon-.;-'V.i  -  •*’•: • 

.  duct  or  s  .and  hence  govern,  the- serisitiveness  of/the'-folipwer..;''  . -.  -  y; 


In  operation  the  cone  of  the' plunger  . rides  on  the  ridge  of  a 
template  (or  platen)  and  the  plunger  center  traces  a  path  l/8” 
from  this  ridge,'  Ths  template  is  3/32w  thick.  This  is  found 
to  provide  ample  play. 
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K.'  The  Control  '  V;r'.; 

The  Specifications  (of  June  5 »  1935)  state  (with 
slight  verbal  modifications)  the  following*. 


The  main  control  unit  consists  of  a  set  of;  panels 
as  described  below  mounted  on  a  standard  steel' relay  rack » ' 
designed,  for  floor  mounting  at  any  convenient  location. 

"A'.-pow er  pnd  indicator  panel’  contains-  the  rectifiers 
and  transformers  used  to  supply  direct  current  for  motor  ., 
drive,  relay  and  contactor  operation,,  clutch  operation,  - 
recording  counter  operation,  and  motor  field  current* 

This  panel , contains  also  the  necessary  t ine  delay . relay  and : ’ 
circuit /breaker  for  rectifier  protection,  and  a  group  of 
colored  indicator  lamps  for  showing, the  operating  status' of 
-the  Differential  Analyser  and  also  for  indicating  false  - 
operation  and  circuit  faults.  These  indications  are  all  - 
automatic  and, -require,  no  attention  except  to  .replace  burned 
.out  . lamps.  ■  /.  '  ;  ••  . 


■1  The  relay  panel  contains  a  completely  in  ter  lode  d 

system  of  relays  through  which  control  is  established.  The 
interlocks  are  designed  to  permit  proper  sequences  -  of 
•operations  and  to  exclude  all  ©there  so  that  no  accidental 
or  deliberate  mismanagement  can  cause  improper  operation  or 
daptage  to  the  control  or  to  the  Analyser.  Furthermore  the' 
.design  is  auch  that  in  case  two  or  more  operating  signals,  are 
given,  the  relays  will  choose  the  more  conservative  action. 

That  is,  the  speed  will  decrease  rather  than  increase. and  the - 
machine  will  come  to  a 'full  stop  in  all  situations  which  demand 
it.  The  relays  are  arranged  so  that  external  limit  switches 
will'  actuate  them,  ■ 


The  contactor  panel  contains  all- power  contactors 
which  operate  the  circuits  directly  to  the  motors.  These 
contactors'  are  actuated  by  the  relays. 


A  speed  central  po,nel  contains  a  motor  driven 
variable  voltage  transformer  to  ob.ta.in  smooth  speed- change 
without  the  undesirable  jumps  which  are  inherent  in  the  push¬ 
button  method  of  ,, control*  .  This  motor-driven  ,un it  includes  -a 
magnetic  clutch  to  prevent  overshoot  and  a  contactor /drum 
which  is  interlocked  with  the  relays  to  prevent  excessive  " 
speed,  sudden  starts,  and  improper  control  sequence. 

Main  power  switches  are  mounted  on  a  separate  panel. 


The  relay  rack  contains  the  equipment  required,  f  or.  automatic 'f  V. 
speed  control.  \  .  -  .•;• *‘ 


The  control  he  xe  g  provide  for  •'complete  control  at 
the  following  locations,  at  each  table,  at  the  '  r  e  e  ordinal; -v  ;V : 
counter,  and  between  each  two  .pairs  of  i nt egrat ors * •  vlho b. design 
of  the  control  .boxes  13  such  that  all  control.  op«ratiqhs  aro¬ 
se  cured  .by  -moving,  a  single  handle  -into  variouX  gagily  v  ■  b  y-’:;- 
remembered. .  'positions  with  ‘natural -motions,  ,  THey  ar.©;- mu-iited"  '  '. 
by  lugs  directly  on  the  structural-  steel  o f  th$  AnaXy  aer * ; 

The  design  of  .the  slot  in  which,  the  handle  .operates  la 
as  follows:  .  ’  ••■‘’•I  ...  •  • •  -l  Xlt-v;-'--.'. 


?HC, 

Start 


The  abbreviations  stand  for  "Increase",  "Decrease",  and 
"Reverse",  The  "Start"  position  puts  torque  amplifier 
motors  in  operation?  the  "Increase"  position  starts  the 
‘main  (Time/)  drive,  and  is  used  to  increase  up  to- Its 
fixed  maximum,  the  speed  of  this  main  drive,  ’ 


The  torque  amplifier  motors  are.  further  proy-Sddd'd 
with  thermal  cut-outs*-  These  are  equipped  with  special  >7 \ 
switches  ao  arranged  that  in  case  the  fuse  burns  out  andl'. - 
stops  the  motors,  the  .main  drive  of  .-the  machine  stops;  .r  "■ 

automatically  algo'*  .  \  '■  "  '• 


Two  tachometers  are  attached  to  the  Pain.  frane.f lb: 
one  is  geared  to  the -main  drive.,  -^nd  thus  registers  increase  ;S 
in  T »  the  other  is  geared,  to  the  X  variable-, . ...  These  aref,^.  .  1 

clearly  visible  to  the  operator  who  iwatohe  sit  beta  band  .tah&all  1 

when  necessary  reduces  the  - speed,. of  the- machine- through  --a- •' 
hand-operated  control  -box,  The  maximum  rated  speed  of  the  "--V. 
time  J3 haft,  connected  by  chain  drive  with  the  -main  :variabie::^  ;.‘ 
speed-motor  is  575  r.p.m,  but  as  noted  earlier  a  ' speed; 'of  blX-r . 
nearly  000  r,p,ia.  is  obtainable.  The  X  shaft  taphdmetor  •••"•'  ‘  . 
is  chiefly  of  interest  in  helping-' to  raalntain  approximately  : 
a  suitable  constant., speed  In  this  shaft .  for .  accurate-;  pointing ' 
of ■  4qual  X-intervals  for  even  integral  values  (of  Xj  through"' 
the  manual  operation  of  the  control  box  to  vary.  the.  rate  of  T 


-as  may  be .  d^tande  d  "by  tfie  particular  Apart  of  the:  particular 
trajectory^ 'coucerrted^i  //V;  ''■•/  A  ■  -...  i\  ■  *'/-  ;• "  ...'.i'AA  AA>--' 

•  ’A",-  A:a;: auxiliary  equipment?  of  t.he  Differential  Ahalykhr 

is  a  stroboscope*  little  used  currently*  It  may  ,  be  used  to , 
compare"  rotational' speed  of  an  ihta.gratoKcliiss "  with*  the., 
speed. -of  the  time  shaft.  To  accommodate  this  equipment  j;is-  ,  . 

a  small  fibre  spool  with  a,  small  strip' of -  larasai; set  lohgi** '  vy 
tudinally  in  its  surface.  'This.-  spool;  is  geared  to  the 
time  shaft,  ,  Contact-  points  resting. upon  the'  spool  form; a 
switch  which  is,  closed  .momentarily  with  each  passage  of;  the  .. 
■■braas;;fitrip-"tinder  them.,  '•  ;  . 


Part,  X 


J:t  >v;  .  '  ,  /V  TEE  DIFFERENTIAL  EQUATIONS’  .  r..;  . .  /*  '  '  ’ 

A. ■'■ .  Equations  in.  terms  of  -physical  variables.  ;  : 

1*  Physical  Theory  for  Standard  Conditions..  L  .-. 

fvV.  $hi  e  chapter 'Will  deal  with  the  problem  of  obtaining 
■the'  equations  for  the  trajectory  in  a  -form  suitable  for  *  'V/  . 

numerical  -00111.00  tat  Ion.  '  „.;Y 

;  Briefly  .described.,  the  trajectory  computation  In  •'>  • 
preparatipE  of  firing  tables  for  ;a.  given  combinati bn  of 
v^bny  isbunt,  and;  ammanitton  involves  two  part  at  Reduction  /  : 

of  'observed  range  firings,  and  computation  of  ■  standard.  •• Lb -  t 
'j.traj.eetoriftB'*  firings  '  are  c cndu  e te bunder  reasonably  ■ 

favorable  conditirina  (approximately  standard  ,  c 0 nd i t i on a):- : vri  th  :V!; 

:  elaborate  preeaut ions  to  avoid  unnecessary,  deviations  .arid'  .p- . 
•■'.with /extensive  -  observations  of;  those.;  deviations  •from.. standard  ,  '-".■ 
whi chblf ’’  Is ;  not.  possible  or  .praottOabierfO  avoid.  These  y 
,  irjplti.de  in  part  icplar  me,te  orologicaX-' deviations .  '•  Groups  •'•of 
rottrids  are  xire^,  the  .  a^^eral  rounds  f  or  a  given  group,  being’  . 
at  a  . common  elriVatipri.  (neither  vert ic&3r nor  her  1  son tbljp arid 
with  amratra if  i on a,^r  pearly  uniform  as ' coriven iently  possible.;.^.- •  ;  ■■ 
^’Furthermore  s'ta,: ,r<sd*ice  ef  f  e c  t  s  of  changing  weather  conditions  ,y/''  • 
the  roundevof  ;a  .are.  fired  in  as  rapid-  succession  as"  .  ■•>;• 

la  judged  .ebrislst^nf.  with  accurate  •  observation.,.  Ee  cor  dings  of/ 
iae t e or o  1 0  gi pal .  conditions  at  the  ground  (located  in  A  ber  dee  «.*■•;// : 
essentially  at psea  level j  and  .  ift  qthe  air  aloft- ‘are  made  during 
-:;|he  ,t irae'  of:;  firing.  An  average*  based  on/the  rounds  of  a  group*/ 
bis- obtained  at’ the  level  point*  both  for  total  horizontal  range; 
and  for?total  time  of  flight*/  Proper  allowance  Is  made  for 
.  effects  "bn  sanzsle" velocity- required  to  re&ch  stable  ;.y\. 

.conditions  by  use  of  'preliminary  ■warming  shots*  ■  '  L/- r.?-' \y 

-'>■  •  •  '•  ;.Th«.  primary ?b^|betiye'..Qf;  achieving,  a  firing  ^ble,";/  -.'•/ 
which  w.ili:'-:glve-' 'akbstantShlly  .predictable  a total  hori'zbrit&ll  . -.q, 
.rangfe.aBd  total time  :,.of  flight,-  requires*  at  least  at  certain 
select  e  dt  angle  a  ;br  elevation*  very-,-  lit  tie  int  erventi  on  of  \  . 
■ball  is.  tip.,  t  he  or  y  *  eape  o  daily  if  abbptahtlally  .‘Standard  conditions 
prevail  during  the  range  firing  program.  .  One- need  do  little 
more  than  bbserve^^ie'c ord, -•  and  .aye rage  *  Ballistic.,  theory- ,  .-/;...  . 
:§lnys  -lta  important  role /for  the  fie Id  , Service  in  enabling 
.thri  battery  comma  nde  r  to/pgiiidle  t  the’  magnitude  ,  of  the  effects-.  -• 
due  to  ch?a,nges  from  stari-diird,  and  reciprocally  in  enabling 
the  computing  ‘staff  .at'  ihe;:%*-oyi:ri'g'--'tlround'/ to  eliminate  the 
'.effects,  of .  the  observed  deviations  from'-  standard'  conditions 


reported  for  the  ear  re  at  range  firings.  The'  effects  due  to 
nonstandard  condition!  ./.are'  small  compared  to  the  two  empiri¬ 
cally  reproducible  major  items *  total  horizontal  range  and 
total' t  jme  of  flight,  bath  measured  at  the  level  point* 

Hence,, it  Be,$ms.  entirely  satisfactory  to’  incorporate  in/the-y  ■ 

.  theory  iapproximatipns- hhi eh  might  produce  Intolerable  errors 
in  these  two  major  items  (were  not  the  ballistic  coefficient 
and  an  additive'  constant,  for  the  retardation  coefficient 
adjusted -empirically^.  Since  also  the  •  magnitude  of  some  of  the 
effects  .  is  , impr.ac  ti edble  to  measure •  directly  with,  convincing, 
accuracy,  one  is  content  to  secure  theoretical  estimates.!  ,. 

The  actual-  trajectory  is  the  path  of  the  center  of 
gravity  of  the  projectile  from  the  instant  of  departure  t.o  . 
the  terminal-  point,  ordinarily  chosen  as  the  "level  point'”-*  . 
which',- is  at '  the  same  altitude  as  the  gun  muzzle.  In  dealing 
with,  ihe  trajectory,  one  is  interested  .not  only  in.' the  , 
geometric  aro:. traced  by  the,  center  of  gravity  but.  also,  ip 
the  position .  df  thia  centroid  on  this  arc  at  all.  times  from  y 
the  inetantupf f  ire  to  the  ihetant  of  impact,  assuming  .that 
impact  occurs-'  at  -  the  level  point*  ,  ?/.  .?,?'!'  - 

•  There '  are  many  known  complicating  features  which  f!' 
are  conveniently  -  treated  as ' perturbations  superimposed  upon 
a  simple  .idealized  trajectory.  .>  4'  few..' of  these  complications 
and  corresponding  practical  simplifications',  of  theory, adopted 
are  as  follows* 


(l)  Due-  to  the  action  of  the  muzzle-  blast!,-  "the  ; 
actual  projectile  continue©  to  acquire- energy  from the  v  hy 
powder  gases  for  a  short  time  after  leaving  the  mu  sale. 

S’ or  the  idealized  trajectory  there  is  a  nominal  muzzle  y ''y  y 
velocity  adopted,  somewhat . in  excess  of  the. maximum. actual 
velocity  exhibited*  Its  magnitude -is  chosen  so  that  the-‘;  , 
motion  of  the  projectile  "after  it  leaves  the  jnuzale  blast'-  V’a 
would  he  reproduced  if  the  projectile  were  regarded  .as  endowed 
with  this, nominal'  velocity  at  the -position  of  the  gun  muissle 
and  .wars  -thenceforth  free  of  the  muzzle  blast. 


!  (2)  The  .actual  projectile  exhibits  at  the  level 

point  a  no ti eeable  drift  out  of.  the  vertical  plane : containing 
the  initial  element  of  tha  trajectory  (the  plane  of  departure ) „ 
The.  .idealised. -trajectory  lies  in  the  plane  of  departure  and  my- 
be  ragardeSihs  approximating  the  projection  on  th  i  s  plane  of 
the,'  actual' dr ajedt ory.f'f'In  seating  up  the  different ialhequ^t ions 
of  motion  of  the  '  ideal! aed; trajectory*  the  ignoring  of  ally 


lateral'  f  dree  a  "■-introduce  C'dh.  obvious  but  yet  negligible  .error 
in  the  components  of  projected  motion  within  this  plan'd.*? •  y 


>  (3)' /'The  ae^aal  ,  project  a'-.rigid  body  with  a' 

geometric ';[a«d;?d|rna^ie')  axlB'^.of'  reTolati on#  Tide  projectile  ■  -, 
is  ^pinning  in  ah  hspprfeet  'gas  which* resists  its  motion* 

The  in i tiA.riy^, •; ,  the  gyrosodpic  reaction,  the'  downward’ 
ciirying  of  the  •tra'/j'S  Story,  the  partial  -  loss  of  spin  ,  together 
pfiduce  a  c oejJKI  i ca te d  nio t i on  starting  off  with  significant-:  .  l  1 
precession  -aad  often  with  perceptible  notation,  and  probably 
home  helibai^'ltetiPri'  of' the  centroid.  Often  also*..-- especially 
if orr relatively  high.- angle  fire,'  some  of  these. '.phenomena,  recur 
near- -the  'Sbmrolt  of'  the  trajectory.  For  the  idealized  .tra-  •• 
jectory  {for  range  firing),  the  projectile  is  treated  a, ■ 
massive  spherical  part iele  without  phenomena  of  gyroscopic  y 
reaction^-' traefrig.  a  curve,  in-  a  .vertical  plane,  and  .with  1?  t  '' 
smoothly  turning,  tangent.  -  .This  assumption  incidentally' covers 
..the.-.  ,p^rev  io  uff  as  sumption  of -.no  drift,,  butvaot  conversblyv'f  -  ,  ;  ;l.. 

-,y„  r  The  -.'actual  1  trajectory^,  when  the/range' , to.. -the 

level  point -is  net  tod  short,  involves  for  the  determination 
of  the  level  point  acknowledgment  -of  a  noticeable,  curvature 
in  the  earth? s  surface.  This  curvature  is  accompanied  by 
a  divergence '■■of -vertical  lines,  a' decrease  of  gravitational 
attraction  with  increase  in  altitude,  and  in  general  the ■ 
situatioh  suggests  p'ithdr "the  use,  of  curvilinear  coordinates 
.oh  else  the.  drawing  of  an  explicit  distinction  between  the 
-  plane;-  horizontal.;-’’  at  -the  gun,  and  the.  surface  of  constant  ■ }’ .  • 

altitude  above  sea  level.  Computation  Of  the  idealized  -. 
trajectory  males  use  of , rectangular  coordinates, :with  parallel 
.Vertical  lines',.:  and  .treats  the.  earth*  s  surface  as  -  if  it  were 
a  plane.  Gravitat  ional  ...attraction  is  treated  as  constant 
iiidep-endent.-rfpf'tonl^  of  altitude  above  sea  level ,  but  also.,  of' 
geographical l&t  i  t'uda;  on  t,h'e ;  earth.  .  This  assumption .  simplifies 
;the' form .-ofriho-l.^iff erehtihl'eq'uat idriB  to  be  used.  In  hr.^cfice, 
the  procedure  is,  not  'unreasonable »  The  data  used  in  the" 
equations,  to- -determine ,M he  values  of-nmaerical  parameters  ‘are 
in  fact  .obtain.ed.  on  the  curved  earth  but '  the"  results  of  the 
completed 'firing  table  ape-  to  be  used  under  entirely. similar  - 
conditions*  •  The;  discrepancy,  between  simplified  the ory  and  fact 
is  large  iy:::'pottipen'satedV;  for '-'in .  the  adjustment  of  numerical  •  • 

.parameters ,T-he,;desir4d -( curved)  ranges  and  times  of -flight 
are  pe.produced>;ih.  any' ease*  \  The  -errors  in  the  differential..,'  • 
'corrections  due  ;to  curved  ranges  are  negligible,  .ferh^pp  for 
,a  large  caliber  gap  the  maximum  ‘ordinate  as  0  ompu  t  e  d-  w oil &  be  . 
found  to  differ,  noticeably  from  the  actual  maximum  ordinate,' if 
this  -  epu Id  M:%@ae'tire.d *  But  such  a  deviation  introduces  irfiurn 
nb  seripup  .' second  order  correction 3  at  'fht;‘ievel-' point:* 

.  '  '‘,f’  .  { 5)/=’;  Paring  the  f  iring  of  the  actual  trajectory,  the 

earth--  rotates r.  pro d u c ing  e art h: rotation  effects  which  depend  not 
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only  upon  the  mu zsle,  velocity,  ballist  lc  eo  ef f 1 c lent,.-,  and  ... 
quadrant  angle:  of  , departure.  Tout  also  upon  the  g- bo  graph! o  V ;  V--. ;  • . :  ‘ 
latitude  ..of  .thedgun  and  the  azimuth  of  the.  plane  of  fire* i  1 
Vfhe neyer r theke earth  rotation  effects  are  not,-  negligible, '  'l;-';  .  1 
the#-,  are  t-ktedn ’.  into  account  explicitly  and  continuously  in 
■  reducing  the  o.b'servsd  data  on '  range  firing.  Holdover  bape  .• 
the  "character.,  of  the  resistance  law  and  the  ballistic-  • 
coefficient  &?ev  bests.: -determined,  -such  as  to.  reproduce  the;^  .-; , ' 
observed. .total  range  and  total  time'  of  flight.,  the-  further' 
work  otr  standard  tra«|ectories'..treats  .  the.  earth  rotation,  effects 
as  a '  separable ':£er  tupbat  ion A  at and&rd  trajectory  is  haMputed 
and'  pu.i*li sh^d*’:'tta\tlibugh  the  earth  were  stationary,  and  ..sps'dia^'^ 
computations-  provide  subsequent  corrections '.to  be  .  imposed  for’  .  ... 
given, ;  Xat  if  tide  "and  -given  az  imo  th  of  •  plane  off-fire  y. .  •  t  7  -v 
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:  (dilr  fhe  aofual  projpctile  experiences  resisting;  l-‘. 

'ifprcQ,. fields  ;afed,;  force  couples; -varying  in  direct  ion  and', 
Pii^nitude-  along  the 1 r  aje  e to r y «  The  more  penetrat'lnknptddies- 
of  •‘■ballistic  phenoEienaftake-  oxpli c it  account  o f  the  varying^  •■‘.•l. 
yaw-  and-  of  the  -rotating  half-plane  of  yaw. '  '-jThe '  mpait JCjag  ’ " "  -'h^ -- * 


air  re  si  stance ,  tables  ,a,re '  bdsed  upon'measurementd  b|*  oVherved,,: 

.  results  making  use  -  of  -  various  plausible  ( -  not ■  alWAyBfPv.. •' <|->r7 
'•  experimentally  established)  .ass.ampt iops .  rJ^; -th$r- dali • 
of  .artillery  ammunition''  involved-,  it-;  is--;aSsumed  thaf:-  gPGwti^^T:; 
call#  ; and;  dynamically  similar  projectiles  for.  standard  air-;-  .’y • 
density -and  air '  temperat  ures  and  no .  Pin^-, .  and  wit.h^hg,-  safee-'  7;r7 
ve  Ie e i ty , -  y aw ,  or ie nifat-i  op-  of :  half- p la ne o f  yaw ,  and  i'f a- 

£■-  ~?^i.  •**'.  •x.jl -iA*  I  a.  ^  a. Jlh' 4-  :  _/*»  \  r>'  ?  1 
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a  constant  .for  the  projectiles,  as.  such,  inde-ty 
pendent,  of  all  oondit-ions  of  firing.  Actually  due  to  some.  I 
'  dis'erep&hcy-  the  'ballls-ti-c  '-  c.pe  f  f  ie  ie  nV-may  depehahelightly  - V<.%‘ 
”  hp.'on :  th;«  :^lr-i-hg-.  conditions.  .  Save  .for  this  -oonstani-,.^ interpreted  • 
a.s  't&rdpp^opriate  baiilptic.  coefficient  -  of  each  '-'projkOt-ilfe  ft.,': 
obif^QrnBd,  law  is;" determined  ( for  • ':av  given 7 

'  type  of  unction  of .  theiydlohiiy  /alohdSyl^he  ,. 

standard ',tr^'ebt4ryl-i-s;' computed-  using,  as-  near iyjkP--f0A@ihie-';.f  -r 

the  approprikto,  ..resistance.. law  as  determined  1  '  -■ 

inentd-gned  ahoy eii However  the  .theory  for,  practical;  pri^eknrs 
'  is'  somewhat.-  ihQ'M-sist@ht;-wi-t'h,'  that ;  under  which  the  -resistance 
law  washdeter^iihed.  ■•  In  ignoring  the  yaw,  an  empirical  eVerd-fl '  ‘--v 
!-  average  is  .„f  bund  for  the  ball!  sti  c  eoeff  i  cient  of-  ,;f  he‘  •  giyeh  .'.vt--, 
jepfirle  or  a  given,  muxsle  velocity  -,.and:  quadrant  m'0a- ' of 

-  de pdr tiir £,  J and  (except.lin.;  rare. cases)  this  ;ballisfi%'k:;Oef-  -.. 
fi ci eat' is '^h^h- treat edyaki constant  along  any  one ’-fraiOctory.  . 
A-:hew  .-aver5igk;-^h term.irf.at io-n •- 1  s  obt air ed  for  each  -  s dp-ark tpr  ,  .A.  - 
group-  of  : f  ir ihgB; :under  like'.initial  ^conditions *  •  Thhs'.:.-thei . ;•/  . . 
resistance  'law^.psed  was  derived  for  vary i rig ;  yaw-'  and;.; cor perr 
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©ponding  varying  resistance,  'out  with  constant  ballistic 
'•••  coefficient  Independent  of  velocity.  Yet.  in  practice  when  we 

adopt  : the  law  ao  obtained.,  we  retain  a  constant  ballistic 
■v>,  coefficient,  along  the  trajectory  but  ignore  all'  change©  in 
resistance  due  to  actual  change  in  angle  of  presentation.  We 
are  consequently  compelled  to  accept  the  possibility  of  a 
change  lir the  inferred  ballistic  coefficient  not  only  for 
changes  in  muzzle  velocity  but  also  for  change  a  in  quadrant  : 
angle  of  departure  and  consequent  changes  in  length  of  “ 
trajectory,  Furthermore  on  any  one  trajectory  a  discrepancy 
'.  .  '  ..  may  arise  between  total  horizontal  range  and- total,  time  of 

1  flight,  t.While  we  may  select  a  ballistic  coefficient  to 

secure  agreement  for  one  of  these  two  quantities,  such  a 
. choice  may  not  reconcile  the .  other*  To  handle  such  a  break 
\  between  theory  and  observation  we  introduce  an  empirical  %, 
additive  constant  in  one  of  the  factors  of  the  resistance 
•  ;  law,  which .constant *  together' with  the  ballistic  coefficient  ■ 

are  then  determined  w  at  to  harmonize  both  computed  total 
.  horizontal  rangeland  computed  total'  time  of  flight  with  the 
corrected  results  of  observed  range  firings# 

-  ■  $$■)  •  The  actual  trajectory  is- influence dv'by' wind 

i'  of  varying  .-magnitude  and  intensity  .at  varying  altitude  layers, 

\J  -  Sven  after  effects  of  momentary- gusts' and,  local  geographic. 

variations' are  ignored.  Also-  ignored  are  : the  eff  ects  of  -  - 
■  •=  vertical  v/irid  often  considerable  but.  usually  localized.  The 
wind,  at  any  one  altitude  level  is  assumed  to  be  moving  ‘  ' . 

uniformly  (at  constant  level)  over  the1  entire  portion  of  the 
.  territory  involved  and  throughput  the  duration  of  the 
projectile’s  flight.  The  wind  velocity  vector  is  analyzed 
at  each  altitude  into  longitudinal  and  lateral  components. 
Although  not  entirely  accurate , : one  assumes  for  the  .reduction 
of  firing  that,  the  longitudinal  component  only  need  be  ,  v .  .  • 
considered  for  effects  within  the  plane  of,  fire,  and  the 
lateral  component  only,  for  effects  perpendicular  to  this  ' 
vertical  plane.  Furthermore  in  place  of  using  a  wind  varying 
continuously  with  .altitude,  the  assumption  is  made  for  . 

reduction,  of  observed  range  firings  that the  wind  is  / 

-  unifbrra  throughout  each  of  a  sequence  of  vertically  adjacent 

altitude  zones*  The  standard  -trajectory,*:  as  might  be  expected., 
ignores  cross  wind  effects  and  assumes  zero  range  wind 
*  •  '  component .  ..fy' v  -  _  - .  - ;  . 

-  ••  (8)  The  actual,  trajectory  is  influenced  by  a  large 
number  -bfv known' -variables  and  doubtlessly  by  an  indefinite 
...  host  of  unacknowledged  faotorb.  -The  idealised  trajectory 
is  obtained  aa  the  solution  of  a.  formulated  (finite)  system 
-  of  simultaneous  algebraic  and  differential  equations  with. 
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given  boundary  conditions.  '  There  is  good  reason  .to.  believe  ■ 
that; the  quantitatively  important  influences  are  taken  into 
ac c  ou nt ; Time ,  re ekbne  d  from  the  ,  instant  of  fire,  is  accepted 
'  ,  as  sole  -  independent  variable.  ;  ;  ;- 

,  : In  setting  up  the.  forma  Isyetera  of  simultaheoas  ;  / 

algebraic  and  differential  eguatidnB  j’  th?  theory  ,  involves 
beside  familiar.  principles  of  rational'’ iaedhanies  (with  /■  z 

numer i eal^parasse ter.s.j  ;to  be  empirically ’  determined }  only 
three  special  empirical  physical  functions,  (a)  the  •  aih  : : 

resistance';! at  sea  level;  under  stipulated  standard  cdn- -5?;^; 
ditions  ’of'ad, p  density  and  temperature ;  ( b)  the  velocity  , 
of  sound  in  air  aloft  as  a-  function  of  the  altitude,  under  ,  . 

.  standard  sea  level  conditions  and  with  standard  relative 
temperature  structure  for  atmosphere  aloft *  (c)  the  density 
of  air  aloft  as  a  function  of  the  altitude,  under  standard 
sea  level.  conditions  and  with  standard  relative  density:;;.' 
structural' f  or :  atmosphere  aloft  •  ,  v/;-> ;  \vy.  ■ 

(9)  As  to  the.  air  resistance,  endeavor  is  made  to 
Use  the  most;  accurate,  available  information  concerning  the 
. air  resistance  function  c oncerned*  :  This  is  particularly 
important  not  only -because  of  the  magnitude  of  the,  effects  . 
produced  but  also,  bedau s e  of'  the  'difficulty  Of  i n to4 o discing  ,  . 

any  observatiahali'^r^®0^^0^3.  except.  as  these  enter  through 
changes '  /bf,  sound  or  in  air  density,  so. ; far  as  • 

. the  1  at  t er  t  w b  ar¥.  c  o  n  c  e  rn  e  d ,  1 1  is  not  important  for  - the. 

,.  .ballistician  to  revise -his  standards  for  velocity  of  sound 
'  in'  'air  aloft  h’'Or?:for';air;;;:denalty-al;oft,  with  each  improvement 
.in  meteorological’  information «  ,It  is  desirable  that  the 
'.  standards'  adopted"  sdrve  as  not  unreasonable  appro^imati ons  ;  ~ 

•v, to- ’average  .conditi^h^'i^V^or  reductioii::;of;  fringe  firings,  / v. 

./  Obs e r v a t  i o h  s  are  ::mbd e -  a£  o ft  .  and  c dr rec ti oris  *f  or  actual  non- 
standard  .condition's  are  incorporated  in  the /trial  runs  for 
finding  suitable  estimates  of  the  ballistic  coefficient.1:;', 
and  of  the  additive  eppre  c  t  i  on  tot  he  retardation  factor*  ' .  ;b 
^prth0i^p^';vin;-h.sih^’  ihb,:>  Standard  traj  ectory  as.  eventually  .  ■ 

•••  ‘..published %imfiar  corrections  are  called  for.  A  practical 
essential  i&<  tlaat  the  standards  adopted  for  sound  velocity 
aloft. land  'afr  -’density  aloft 1  be  of  a  simple  f orm  suited  for 
automatic  continuous1-  insertion  in.  operation  of  the 1,4 .  ’ j 
Differ en t i at  Ar.aly ae r .  . 

■  d-;  .•  d?or:the-  .standard'  traj ectory,  the  ratio  ‘of  -■ 

,the  velocity,; of  - sbimd  in  air  ■  at  altitude  y.  feet  (above  sea.  I '  i  ••  ’ 

•  ;leyel)/  the;' cofrespcnding  TelbOity'  at  sea  level,  is  assumed1  ’ 
to  h^’  giv&ri  iphder^shtdnferd  iaeteor-plegical  cbhditiona)  by  a 
formula  of  'thfe  form  'a(y)  =  1  -  ai  'y,  where  32  (in  reciprocal 


t  Cf. 


is  an  eaipirieal  -constant.  This  formula  i5;:-latenlo;d:v!,- 
uj^  Only  up  to  <  moderate  al t Itudes  bu t2  no  explle  it  pro-  - !  " 
reedure  ,  ha®  been:  adopted  as  standard  for  use  :  on.  arcs  wit  hi  hi  , 

:  the . .  s tr  aibfephere .,  The r e  is  excellent '"  iha or  eft 
and;  oxperiiaeptai^ evidence  for  'believing  the.  velpeit^rof  y  ;Ai 
sobnd :  in  air  to;,  depend  directly  upon,  the  t  emperatu  re  ..of 
t hst air^^and;;.indeed ,  'to  .'be  proportional 

of  the  absolute  temperature*  Thus  indirectly  the  assumption 
of  a  startferci  formula  for  the  velocity  of  soundy'iifi^ 
assumption ^fpl*  ;.a ''"standard  structure  for  air  teiatperaturfe  jalof  t> 
i«6;w  the  .. temperature  of  the  air  Effects  separately  (for/  .  ,  ••  v 
given  aif  't^^jpsure )  the  air  density  -abd the  speed  'of  ,spu|id»;p 
For:  present -"purpose s  it  is  unnecessary  to  adopt  iiormal  t 

assumptions  concerning  pressure  or  temperature 'of  the  alibi/.:- ;. 
aloft.  .  We  assume  merely  that  the- adopted  linear  lav?,  for  .;;;?%. 
speed  of  sound  (through  moderate  altitudes)  provide®  adequate, 
approximation.: for'; current  .ballistic  use.  d’ 


j,  ill) -  The  ratio  of  air.  density  at  altitude  y  feet  j. 

1  (above  sea  level*)  to  the  corresponding  density  at  sea  level,.-.': 

'  is  .assumed;. .to  be  given  (under  . standard  meteorological  '  A.’"- 

conditions)  fey  a  formula  of  the  form  h(y)  »  e^rl3*  where  Ja^A  ;.. 
(in  reciprocal  feet)'; is  an  empirical  constant.  ?or  if  h(yj 
la  to  be ; dimensionless ,  as  desired,  then  h^y  is  dimensionless 
and  hence  h  is  in  units  reciprocal  to  those  for  yv-.,  ■  vA;-..fe.y :: ';;a' ^ 


trajectory  ■  start s  off  vitb  mean 
direction  llndi cate d; 'by -quadrant  abgle  of' d epartur e);  .not: AAw  A? 
neceSearliy*  equal  ^'p---t'he-^T^le'.^t:/which-.the  bore  was  laid 
(indicated  by  quadrant  angle  of  elevation)  *  This  discrepancy 
due  t  o  lump  of  the  carriage,  and 'possibly  a  1  s  o  i  n  pari  i  t  o;  ■  -v V  .£ 
droop .  or  the  bore  is  igriored  in  '  the  -  standard,  traj^dtoj^^^bfec 
initial  data  utilize  the  quadrant  angle  of  departure '  but  diofat- 
the  quadrant  angle  of  elevation  vdien  these  differ  from 
other. 
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2.  ;  The  Values -of  the  3iroirical.  Constants  and 
Parameters  for  Standard  Meteorological  Conditions  * 


.  . continuous  range. _ of  empir-i cal--constant  s.ls - 

invo lved  in  tabulating  ;the  ,functi on  bg{u )  ^Lv ihg  the. 


(standard)  retardation  pbeffleffent  as  a  function  ,  of  ii, •  the  ad? 
juit#d-  velocity  ;0f;'thc  brojpetile  with  rbspect  to  :  the;:.'air.  •  'J'j; 
The  'tpTO/  fad  justed^:- ref  era  to  the  fact  : that ;  tfte.ac  tualA;  ,::i  t'fe' ' 
veloci  t  y'  of  the  projectile  with;  re  spec t  to  the  air 
compared  'with  the'’ velocity  of-  sound,  in  .air  at  the  given. 
place  whi'feh>  at  the  actual  altitude  involved/  may  not  ns-  ' 
the  velfecltydof  sound  under,  standardye onditions  at;  sea  level .  ; 
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This  matter  vwill  he  discussed  in  detail  later*.  ■■ ."//  ..  ;• ;  !:•- 

■  V'-  The  empirical  constants  to'-phe  dealt  with  individually.  ''-'o' 

wi  11-  he  eGin  si  dered  nour  in sedu  eftce .  ‘  t  ;  ;  ’  ;,r y  '■  '\ 


. ;  ■  ,  yy  (t)  1  g,  the  gravitational  attraction*  tin 

v  A>  co ns tant  value  for  . g, .  independent  of  altitude  arid  of 
geographic  latitude is' as.Q,i&p'%.d  f -or  hall i sti c  •  pu.rppsea « '  The 
vale a2  Is:  taken,  as  el^ct*'  -(At  eea  . level  {$©-  actual 
value  rangfed'.,.aty.sqa,  level  'froict;  9,8319  at  the-  pale  to  9*7800  y.'  '• - 
at\tfee;‘:e’lda;t‘ciir  ana  is  9. S 0095  at  ¥ a s hi ng  to ri ,  fig  C* }- ■  Inpahits  'p  ' 
v-  of  -  t/%$- ,  ‘trie  numerical  equivalent  value,  is  {toy seven  digits) , 
y  32,i52i7.»  since  trie  meter  isyexactly  39*37  U*  )§>•  inches*  -p-  .•■1.;-'- 

’■ '  the  exponential  hDefftoient  iin  "reciprocal 

p.  .feet )  Hn'';th4:  standard  air;  density  ratio  formula,  hty} 
yy Trie. "accepted  ball!  stie  standard  formula  yields  exactly 
P) IGy* * P,y-vu4oy s  where  .3?.  is  the  altitude  in  .meters,  fen  eonyg^si  on 
natural! •  base  »;--t hiq yields  approximately  e  ■r.*wtJylGopy. 

•"  ••w'.mrec ty%  oiiie^s 1 6a  •  to-  'fee  t  *y  the-  '  f brmu la •  rawia&Mttrf yfcl £ •  - 
yslghifidanr^feits)-;^  ft..000G'315823,,  (l/f )  «  . .fiijuy.. 


-  'v-‘ 
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.  ,  :the: •  a ogff i‘c ie  n  t.-- .( ffe  .-rehipp ocgd  feet};.  torthe 

' . ! ^t4p^Sr|y®6. d  rat i o  f  orrau la> * aXy )  ?  ■  1  -  -a-} y*X  1%'  , 

>'f .  d : ; 'ha Hi qt i p-  sta'ridard  .  f ofmu'ia .  •{  f or.  .firing  p^hley  £  t " : ‘ 

'ycidr&put"ation8  on  the  |)if faro ntial  Analyser )  yields',  •&,  5:  .‘i 0^0003  ;y 
(■l/x)  regarded  as  aecirrate.  '.;y^' >r--  - ')yih<yy.; 

v:,3?y;vyf.y';t^4); '  '.The ^'rptatitmalvyelodi^y-  of':'-theyearth, \in .radians'  ’  . 

.  pompu ted.  to,  he  x\ *  . .000072 @2  (rad»/86ci) . ,  '.‘This  3/.'  . 

yy  is . hase'd-dri l-^yy.ear- "pf  ---3'd5.S4  'days.  (mean-,  solar  ,  time  1  or  . 3d 6 *24' >■  .  ''' 

"y;daya .  (;filderia-'i-ttim.e}yr-\'..-T'his  rotatiprial  velocity  ia-used  in/y.*4”;-  ,;■•  ;;;’- 

effect  .of .  the  earthVs  rotation*  ,  •  Itsycomphtation.' 
will  he  diechssed  presently*  •  :  -y;-  v  v'-;'..v-;y"\.y  '  yly-  ''yipy'..-'-- 

y.y;/0\' (5  geo  graphic  latitude  .of  the  {main  .front)  A-'-v 

'  •  firing  range  at.  Aberdeen  Proving  Ground,  taken.,  a  a  39°  26.8’ 
lo-rth)  l etsilfy fr9o  f- .h*  . y  ' ,  -  .-' %-Jy  ' 


'.bei--.m.eritl  oned' oeftain  -empirical  '  ::.y'yy'.'’ 
•r '.parameters,  treated:  as  .  fixed-  on  -  any  ;one  trajectory  under.  : , 

•  s tandard. "raet eorologl oa  1  ' copd it- i on 3  ' yu t  not  constant  as  "1  • 

i-;hef^eh;;tra^eetoflJ|^.%:-U  c':y^. ;  ;•  y:  -  -..v  .1  ’:'y  y  ■'■■  ■  ■■ 

.yy  ( 1)  ■  diode ffi cion t,  rtCB ,  (discussed  later) 

yy' .  y- : ■y^;yy v { s)y ve-io 


y-y.f  "yy  • 


.-4* 

V 


>v 


The  quadrant  ';dhg le  -  of-  departure 


The-  azimuth  of  the , plane--  of  fire  .reckoned  f r  am 
north  'through  east/"«<T  !'v  / 


) .  The  empirical  additive  constant,  n  /  yielding 
the  Actual8  re  tarda;  t  loir  coefficient  b(W  ^  hg{u|+^, 
, yf,  fr  ora  the  ’  standard  retardation  eoeffi  cle'-nt  t '  bB(uK  1 


-■  .  Apprcau irnte .  yrenaer ic al  values  for' the  more  useful  A. 

V.  further  combi  hat  ions  df{;fhe.  .physical  parameters  -  gr  hi  L, 
and  Ii  *  latitude  d for  Aberdeen  Proving  Ground)  are  as  follows* 


•  ^  c  2  A  c 03  L  sin  «  0,00011262  sin  0C  . ,  (l/sec* )'  ' 


where  as  dipoussed  i&ter  «C  id  the  .-ahimulh  of  the  plane-'  of  ../V 
fire  ree  looped  from  north  through  east,.  .  '.b,  • 


V1;.  *  io-8a7i;.:idi»!jaWttiea|^ 
*0311660  jl/aec, }!.//;/  y/, 
g  a *0009910. 98*  (see ,/ft. 
'git^/a^.a  10622.00'  (ft ./sec . } 
S.31663.:3.  (ft.)'  v' 

0949899  (dime  ns ionless) Y 
Byjrd/v 


*l'ul  ..**  ?. 
V/gh^s  31.5814 


‘A-  ?  '  .  ( 

v  •  •  .  •  .  -  \ 


^/g/h^. , s  1008.98 ,  (ft  ,/ sea,  )'  .  .  ;;  /> hp/-/ 
L//ih^.:;»  ^  ,0000  9414^*  I'lie  c  k/f  t  Vfiy 


■  1  .  ■, 


a--/' 


li 


*  0035342"  sin«C  l dii^ehs ionle s s)\ ,  ;.ySh:V::. 

.  •  ?  •  }  -  •  .  *  1  y. .  •  •  «*V,’ • '  ,,V  •/“  •*■•  .  > 


3.  ■  Geometry  of  the ’  3 1 and&rd  Trajectory.  ■' 


. ^Vi/'ln  the-  vertical'-  plane  of  depsa^rt-Urei  ;the  ppp^eotilQ,  .  -V./K/ 
tre§<t<hd"'  .part.i cle  traces  %  smoothly-  turning,  arc; .-starting. /. . ;/v  /v 
from.-^thp  ■'^djhf^-f:.dep^ture,  ;',risihg.  to;  a  submit,  descending :-.- 

ipplnttpf-;'./  ''' 

Yiil-.i  iet  •  7' 


us  intrddu;ce-':re.c;,ta-'Bgij:l:ar  .ho'ordinatQs'yWitE-'the  point 
ddpartiK’'fSj|f^4^i,et;;df  ;the :  'gun)  as  . -origin.  ''---Let  ,xt  the,  abaci  $.3  ay 


/h 


be  measured  (in  , feet)  horizontally  f orward- in;--this  vertical 
plane,,  and  let  y,  the  ordinate,  be  measured  (in  feet)  '  '..  ' 

vertically  upward,  f  The  trajectory;,  i-s.  t  he  a  given- by  a  curve.:. in 
the  first  quadrant  of  this-.-(x*y)  plane,  with,  y 'a' one- Valued,  ^  . 
continuous  function  of  x  on  the  interval .  from  xQ  »  f  ,to  %y: 
the  horizontal  range ;  in  feet,-  which  is  the  abscissa,;. of  ...the. 
level  point..  Here'  the  ordinate  starts-  with  y  a  9  and  after 
reaching  a  maximum,  air  the v summit.,- -decreases,  again-  to  y#s  0. 

Xft  general  the  .subscript  zero  wiil.  be  used  for  value svaf.  .the-;’  " 
^origin,  add  a  subscript  , star  (•*)  for  .values  .at',  the, level,  :poiWt < 

.bet  p.  designate  the  alo.p.e  of  the  trajectory  at  any., 
one  of  it s 'point's.,  and.  ©  -the  inclination,  where  ©  ,is  '  .1'; 

restricted1  to  values  between  -90°  and-:  +3#°*'  vlhenr-p/.'  k  -tan:  ©;  ■ 
bet  '.s  represent  arc  1  length ,.  in  feet,  along - iha.-- trajectory*,, 
Then  'in  the  notation  .ofifhe  .calculus  .p  s  taff©- “ydy/dx, ■  fV' 
ds2  s  dx2  +'  dy® ,  dx  -ft  -Ida  co s  Q  ,  -dy-*-  da  sin  Q  .  -  the  : initial 
and.  teminal.  -values  'are  given  by ,  .,  -:  ’  ' 


'■  '.Wg  >  =  angle  of  departure.  . 

p-  targe nt;. of  angle  .  of /departure  ,A  V-  '  ;  f 

.  ;'nf~vg^-'  ;s  negative  of  angle  of 'fall..-,  r- V hip".  -  ■ 

'  p*  **  negative  of  -tangent"' ofyangle -of  ,  fall, /vlf f 
...flgT  length  of '  trajectory,  (t  by  level  .point  )f  ?  V 

•;.Both  p  and.  0  decrease  smoothly  -along  .the  standard- trajectory;, 
start  ing  with  positive  value  b  p0  »©  pvh-bQ  t  h ;  pa  a  s  lug  .through  zb  r  o 
"at  the  -  summit  arid ••' finally  . bo t  hf i*«.n cbtjasig  minimum  negative,. 

p  *  and  "  G,*  -.  respectively,  furthermore  dp  /(be ,i3!'--ne.^l;pvd; ' 
throughout  the  trajectory,  reaching  a  minimum  a  little/.paaf^- 
the  summit  o-f  the  trajectory  and  rising  to  a  negative,  terminal 
value.  -A,- '  '- 

-  Each  point  of  the  trajectory  has  an  associated  ■  ' 

ordinate  v  measured  in1  feet ,  and 'through  y  lias  an.  aSpociated'-.l 
standard  aif*  ...density  ratio.  h(y),  given  by."  the  f  6  mu' la  >. .  ')? , • : 
hiy)  *.  .e  as  mentioned  earlier,  for  .want  of better  yff 

name  let  the  “ballistics  arc.  length j  (s) .  be.  used  to  dgsi gnats 
the  weight.e-4-arc  length  expressed'  by  the  integral' 
evaluated, .'along  the  trajectory,  where  h(y)-  is  as'gdveh/^bdvp'  - 
and  C  la  the  (constant )  ballistic  coefficient  associated;.-'  •••  •  • 
with  the  .trajectory.  .The  total  -ballistic .  are  length  .:.of . :  the 
trajectory  may  be  expressed  as  fi/C  times  the  ge ome trie, arc.’ •/. 
length,  where  1i  ig’-a  suitably  chosen  rae an  value  of 
for  the  'trajectory •  ..  -f  ;'.  '■=  ;.  .  "  A  '.  '  v  f  •• "  '• 


•V:,,'  ■■  • 


‘y-M*  of  Motion  >  -  y .  • 


accordance  with' -well  established  principles  of 
•i^Mf^l^iaechanics  m  assume:.--' 


’  '•  M  .’t  (l)' 'th:at, forties >■  -linear:  Velocities,  and  linear 

'•  vr;  /  accele-rattoh&.  sh^Q- ; with spireme nts.-  the-  character  of  vectors , 
resolvable  ihto  liiid'epQndent  coiapouents  in  the  horizontal  and  • 

;V  '■■'•'■  v.-/;::  '  ■  //'Vy,  ■  \  V  ••'>•:  -  ■  ■  , 

;  ’  •  *  (3)  that,  farce  =  mse  %  (linear)  acceleration  in  .  . 

'aire'^fi o.n.  .-of  \. where  the  .linear  acceleration  is  the' 
htitae ;  der  of  the  velocity  in  the  given 

.dirhCtfh'nvand-  the  velocity-  (in  the  given,  direction)  is  the 
.  the  ;’di spI^o©me ht'i-n  '.this^  direction 

•  -r  ,  r(3f  thai%:fdr  the  standard  trajectory  (ignoring 

earth ’.rotation  ef  fects)  the  forces  at  any  instant  consist 
"■¥  _■■ y '  only  .,'©f ; ;  gr&v  ity  ac:tl  n  g:  -  v  er  ti  c^lly  d  ownward  dnd  the .  *  drag  "  do  © 
to  -air v^e-si.stanceviadting . .al^hg the'-  tangent  to  t.iie  trajectory 


;  in  the  direction,  opposite  ,  to;;  that  in  which  moti  on  occurs*  y 


v.y-  gnateVt-bo  variable  -.  time  "measured:'  in'  i  •  V  y 

seconds "'fr'dijii-'^ltie '''instant '-ftf--' .departure,  so  .that  t0  s  0,  t*  = 
;;h;^lme:;'oC^fligh^- to  thte "level-point .  Inthe ;  absence  of .  wind,  "y. -'V 
let  v. designate  the  magnitude  of  the,  .velocity*  Then 
,v  -  d-s/dt, nominal  muzzle  velocity,  andv*;  =  final  , -  - 
■■y. '(atiMbvei'point) .  betythe  horizontal  and  vertical 

.  ccusphnenta  of  velocity  he  designated  by  x’  and.y*,  respectively* 
ylheid;  x*  :»..:dx/dt  s  v  cos  B  yyy- dy/dt  *  V  sin  0  .  ,:- 


;y:;yy./ y  -iflD  designates  the  drag 


we  have,  a  a  ..7"  -yV;  _  ■ 


'•  Standard  trajectory  '  -y 

.4 ' ' ••'  J tfhyef  feet;  a)- -rd$f\*  \ ;  ■■■;■  ;; 

.  ’  E3  dx*/dt  *  «  D  Cos  0,  .  Wby-'  y.b  .vy  ■•■- 

/;  •  ,;L-  :-m:'  dyt/dt  *  ^D-vein'^'  w  rngV; 4 ;■•  ^  ■  / 


■  ■  -where ;  fayrepre  se  nt s  -  th ©Vina as  of  -  the  pro  j  e  ct  He  ( const  ant  on  the  •  >'• 

.  trajectory^  and  g  represent s' the ■gravitational  attraction 
assume d  irodn^an t .  as  equal:  to '  9.80  m/ss  or  52*15217  f/a^  (approx,)  , 

■  I’hh ’  drag  .iUii'Lk^laga.  h  ^de&ebidg: ;  no t  only  upon  the  velocity  of  the  yy--; 

^density  of  tlie  air  which  varies,  '  - . 

.  with  altitude,  (ii)  the.  velocity .  of  sound  which  varies  with  . 
iemperatw©V .'f^tse-lf-  in  turn  varying.with  altitude,  (ill)  the  '  •: 
size,  .shap©:,  surface  chafaeter"i .  splp^yauji  etc, 

■  ,01  .ith© ■  actual  pro je ct ile*  y ' :  ,:'V  v'y, /V y-G-;  .y. .  -  'y....' 


iy  ■  .“  .. 


•A-  -• 


»»••  .  :•  -  •  v  ‘  '4  ■  ■ 

■  .-A-.-i+h-  -7'  . v  ' 


Let  E  stand  for  X>/(mv).  The  first  of  the  two.  given 
equations  may  then  he  written  as 

dxT/dt  -  -Ev  cos  0  -  -  Exf  -  -E  dsc/dt, 
thence  as  '  ■ 

•dx'/dx  =  -  E,  ; 

We  may  s,.  £t|;ir«inate  E  and  incidentally  m  also  from 
the  original  two ■ equations  and  obtain 

dyr/dt  =  (dx’/dt)  tan  0  -  g, 
and  this  may  be  cast  into  the  form 

dp  /dX  =  -g/(x‘  )2,  : 

where  p  ,  as  before ,  d s  dy/dx,  ..Since  dp /dx  is  determined 
as  a  geometrical  characteristic  of  the  trajectory,  it  follows 
that  x’/fT  is,  also  geometrically  determined,  and  hence  save 
for  the  intervention  of  the  experimental  physical  constant  g 
(which  does  not  depend  upon  the  gun,  ammunition,  or  meteor-'.  . 
ological  conditions)  that  E  v/hich  determines  the  drag  also  is 
determinable  from  the  trajectory  as  a  geometric  arc t 

Another  slightly  variant  form  for  the  equations  of 
motion,  emphasizing  x,  y„  and  t,  is  as  followai 

d2x/dt2  -  -  E  dx/dt, 

d^y/dt2  -  -  E  dy/dt  -  g. 

5 *  Effects  of  the  Rotation  of  the  Earth,. 

The  effects  of  the  rotation  of  the  earth  uj>on  the  pro¬ 
jection  of  the . trajectory  on  the  plane,  of  departure  (and  as  i 
heretofore -  we  continue  to  ignore  deflections  out  of  this  plane.) 
are  to  replace  the  pa#t*  of  equations 

x"  -  -Ex*,  y"  -  -Ey*  -g,’  ■/-.  ■  • 

by  the  following. 

.  x"  s  -Ex1  -Ay*;"  /■  :  ’ 

y"  ■  -Ey*  -  g  *  1  x»,  ’  '  .  .; 


.  where;  A  -  2  fi  eosl*  sin'eC  ’  Here  41}  is-  the;  rp;ta;t:i-or^i\y@i;^ity  ..v:.- 
of  'the- earth,  L  is  the  latitude  of  -the  is;  :fh.et ’.h"-'  '■=: 

azimuth,  of  fire  reckoned  from. the  north  through  t-he-.-re&ot . '  .  $e.  'V.  ‘ 
'shall  not  pause  t;o  . derive  : the  equations  given aboy©-* This  /Vr  ' 
derivation  is  explained  in  texts  on  ballistics. -•  Nov/  the  ->':V 
number  of  seconds  (mean:  s'otar  time)  in-  one  soW  (ky  is;," 

60*  x  24  a  86400',  .  But  for  the  rotation  of  the  earth  we  wish 
to  consider  the  angular  velocity  of  the-,  earth1  a  rotation*  •; 
measured  not  for . motion  with  respect  to  the  sun  hut  aoeplufely , 
that-  is  with  respect  to  the  stars.  •  In  one  •  year  a  ttprid.ian:  on  ,  . 
the  -  earth  passes':  under  the  Pun  56  5 ,24..  times,  hut  ...it;’  ppase  .p.  tinder 
a  given  star  one  more,  time  a  year,  namely;  366 ,24  piinea., 


:  /-y/V 


in  radian  ausasu^>-v 
IS  £"1. '  'ssr.  .. 


Z  x-  2  TT  X-5G6*m  ** 

60*"'X.  84  -x  365.24  ......  . 


,  00014 584' '  {  had  ♦/ sec 

•  iyii 

Using.  I*  f  or  .the  ^herdeer ’"Proving  ffrohhd::*Aphp;M|||h@':h' 

of  .A  to  .he  used:  i  stiver  by  -  Vh'-*.  1-';'  -'O'  pi 

‘  . ;  5v  » ■  0 . oqaiises  •  s'ihflC;^'  h  . '  ’ •  k 

where  X  is  in  units  of  reciprocal  (mean  solar)  seconds,  (l^sec.)'  ;v  :p 
6 .  Analyst b  of  the  Shag .  .- :  1- ryl  hi th  ' jtV-.  •. 


;<•  : 


It  is  regular ly> assumed-  that  ;' the  retarding. -forcey hr' 
"drag14  for  a  massive,  spherical' particle  i.s-;'prepart’iphal’ ‘ 'i’h- the 

hehn'-;.;!- 


air  dens ity^.f  Although  this  .assumption  may-pot- 

established--  hy  ■  experipeatal;- test  -  f o.r:j-..the  range  of  tie &y .-hyi 

sizes,  and  masses  ihvhl^-ed.'=Ih>;'^^l^fc^ the^y^hheys^^  ht 

-  is -not  seriously  questioned.  3fon  standard -  cord  i  t'ihris  *fhh'e •.  '.V 

of  air  density  aloft,  to  air  .density  n't) the  gr qun4; at  ujpsr t  7  '  !:  ■ 

to  the-  tropopause  (whi &h. v 7:V':-  h; 

.  trdp-o sphere.’’ api.  s  t  r  a  t  o sphdrd ) . .-  i aids same d  \ f h ; he  giye.'A'ul^’-hrt  hi .. .  ■'  •' 

exponent i-al-pfuncti on  h  'as  ; already-  mfhii dned •  .-  /vK^iiy-y' 


the  "adjusted  speed %  .called  also  il&ebJ  s  number,  -'i®;giVeh 
■  by  v/a-,  where;.; in-  turn  a,- :  previou sly  ,-men.t  ioned-,  is  the -Of 
the  velocity'  of- ‘  sound  aloft  'at  the  actual  tempetpi are  vtd:-  -Id ■■: 1 


•Por  -  two  projectiles  6f--'thel'$a»t^v.pfeypi-ca.l  .•< 

-’geometric.'  form  and\-.w-ith.\^e>  8imil:3r,;di--sir-ihutioK- 


•  <:iV  ■ 


hL  r  /  a 

-  jU 


V  -  i  • 


•  i  ‘h  \ ;  *  .■=  *»  1 T'  •  '*?%&  }■:% i [ 


assume  that,  at  least  approximately  the  value; af>  B/iimr*?  ■-•  h(vy/v 
varies  'directly  .;as  as  :tfefe-  '«nea  ■■'■•rffft.v  •• '.’ 

c r o  a  s '  a e  c  t  i on-  of  1 the' :' ;pre#  c  t  tie ,  ;-ansi' 'inverse  lj^  as  ths.  j|asa/ 1/e. 
my  represent  by;.,  to  ( v ) ..•t'feevpnr re sp ond ing ;  valu e :  1  for  .  /:•• 

:  standard  atmospher ip con€5t;$iw9s.  and  for  a  .tfeedrati;^!  %©delw  • 
projectile  similar  t^^He'  giveii  projec'tlle'  but  of  .,  one  inch  ■ ;  -I  ,.'/.: ." 
caliber  and  one  'pound  W4^t-*%^?ljfre?:,r«iaainO'-  to -.''be  '.cpnsidbi’dd;:-  .  .:*V 
the  air  density  regarded  'as'  a'  function  of  the .  aliftude1  alone’’*-.  y/ 
We  then  write  f  or-atand&rd  corOitibns  j  :X>/(mv^lVS'  b.(v)  ,V- 

where  P(y)  ,  accounting  for  air  density.'  ‘and  charact erle’f i«"a .  of  the 
•projectile/  is  accepted:../.b3n:cpnvention,  to  he’  (for  ’’standard 
"e  ond  it  iotisM)  :.a-n  exponential  function  of  the  altitud#  in  feeti  '  ' ' , 
The  constant,  1/S!'( p;  Called  'the''  balli stic:''*cobf^idij@ntv  ;djl;" "-.''v 
and  the  ratio  J,(u }/9 ( 0)  indicated  by  h(y)  1®'  nailed  -.the.  standard  . 
density,  ratio  aloft.  Here  h(y)  is- in  dependent  j  of  ,p^bjectij^.y- 
angle'  of.^epa«rturd,;;and  •  nuzzle,  velocity*  a ‘convent.4P^li2S'ed 

.meteorological  ata^dard-'i'uncti.on  .for  '•'ballistic.' purposes,' : flindbn  / 'J; 
'non«ataRdard-.cbnd:itlons  of,  air.  density  aloft,  ;'thb..:ratip  hd^FI-is 
modified  appropriately .  by  an  additive,/  c  orre.ct  ion  tern ,  .'fit  self - 
a  function  of  the  altitude ,  y,  ~-\k  large  value  f  or  C./'Porre&porids;  ' 
to  a  'ballast ically  -  good  projectile,  other  .things  toeing' •eqiasiii^’iijce 
then'  the  retardation  'per  unit,  distance  traveled  is--  small •  •••'■-■' 

V  '  m,-, j-~ .  y;.-.  -  ;;••  ..  •  ,  •  's  y  .  ■.../ 

;  ..  - 7'«  -f  he  /fiegress  joh:,  'v>  >»■•:■'  .  /V.'.  -  ■  .  * 

By  the  regression,  i* ,  will  toe  meant  the-  t ime /iptegr al.  v- 
of  the  drag. .  c  oeffic  is  n't ,  /which  -of ...  course  %  s  always  posit  i  ve .  -  ; 

f '  / ‘  ;  '  '  r-  »  ,$E.  at,  f  .  y,/’  ;  //  'f  /y.  •  •'.  ."ty  -•  / f f;,v'  ■'' 

.  •  ’/A,.. ^•(x/^f  v'bh  dt  s  fb{t/C)r  dt  s./b(h/C)  ’da  B'/Vdj''  v  •  -- 

JQ  '/  •  'fi  ’  •  -  ..  v--;  y , 

Here  r^' *  G,  and  r  increases  along,  the  .'fbajectory^y/'f . 
reaching  its  maximum, r# , at  the  level  point Relative  to-' the.;,/-  •'  \ 
ballistic  coefficient ,  the  ternttinal  value  bf; the  regression^ 
decreases  as  C  is  increased,  reaching.;.  ?b:ro  for  a  vacuum;  trbl^totory 

Since  'furthermore  ftoom  the r original  relatione 

d^x/dt^  a  -j£  dx/dt  V:yJ};  ' f  'f \.  ■  :- 

or  on  integrating,  ^  1  s  xc  *  -  YSactyd  t  6rjt’  x0*  -  f  x*.  dr,/ 


•  Wf  desire  th4;t  r  be  dimenalohless.  > -It  theiiv,iollows 
from  r  s£o ( h/C }. .. ;ds ,  that  b  must  be.' In;  reciprocal  feet' to  -'  ■ 
ctanpeiisata  for  s  being  in  feet,  f  y:  ,  v .yV’y’ly;  '  ,  , 


•  8*'  Hefluetl-on  of-  Observed  Range  firings a 

.  In-  ah  actual  sequence  of  - range  firings,  there  will 
he  many  conditions  differing  in  some  measure,  from,  those  assumed 
as  standard  for.- the  firing  tables  which  are  to-  be  produced.1 1 
Home  of  the  changed' conditions-,-'  resulting  in  slight  discrepancy 
in  weight  of  projectile. or  in  muzzle  velocity,  are  inferred  -.- 
from  carefully  noted  measurements  and  can  be  accounted  for-  by 
adjustments  based -upon  theory  and  justified  by  experiment. 

The  most  serious  modif  ications  .  are-  those  due  to.  non-standard 
weather  conditions,  .  -  . r  ..  - 

In  using  the  Differential  "Analyzer  .for  the  reduction 
of  firings,  only  the  range  effects  (occurring,  .in  the  vertical 
plane  of  departure)  are  dealt  with  .directly  on  the  machine.  All 
lateral"  displacements  from  this  . plane  -are-  morel'® asily.  handled 
separately,  as  has  been  suggested  b&rlier.  , 

r  r  ■  In  practice  three  slowly  changinglcorrect ions ,  dTw*  , 

Oa,  Oh,  (to 'be  explained) -.are  handled;  by  finite. -increments 
introduced  at  pre as  signed  altitudes,  1  The  air  aloft  is 
regarded  as  subdivided  by  horizontal  planes  into  a  sequence 
of  .  strata  called  altitude  zones.  -  The  use’  of  these  zones  is  • 
purposely  staggered  among  the  three  corrections  so  that'  at 
any  one  shift  from-’ one  zone  to  the  next,  one,  correction  only 
(or  at  most  two)  need  be.  ma.de,; lay  ‘hand  cranks,  the.  remaining  ' 
erahks  (or  crank):  being  locked  at  this  particular  zone  bound. 


■  Direct  .observation  is  made  of'^feetion.  and- 
magnitude  of -wind,.  -  temperature ,  and  air  pressure  at  altitudes 
up  to  (or  nearly  up  to)  that  of  the  summit-'  of  the  trajectory. 
These,  observations  are  then  interpreted  to  give  for  each  of 
the  corresponding  adopted  zone.-s,  the  average  component  of  wind 
velocity  ir,  t.^.^irb'etion  of.  absci'esas',  -  the  .average 

algebraic  increase;  1% -the-  air,  density,  namely  oh, band  the  average 
algebra! e  increase’ in  the  speed  of  s-oun-d  in' air  at  the  observed 
altitude  to  that  a%  the  .  ground.'  ahyetandard-  temperature , 
namely  o  a. a  -■ 


T o  •  di »t ingu ; f ^nc t i bhs  for  non-standard 
conditions,  heybaf  ter.Xe.t'  y.  .bepphseht  the  magnitude  of  the 
’Nlocity  with  hespep.t  to-' the':®CVlhg -air-,  as  distinguished  from' 
ve\city  with- respect,  t q  -the^.ghdund.  './Hence  y2  Is  longer 
^^^enfable  ;aa y '2>'lbtr'i,-;rather 'as  wf  2-  +  yf%  where  wf 
la  t’X  hopj. atjptal  velocity  ;pomp0heht.  w-ith  respect  to  the  air., 

\  Xs'  :  WQu.l<l:;y^preseht:-  the  horizontal  component  :of 
travel  --^th  respect/ to  "the ,-hir#  Hence  w#  -  x#  is  the  total h»4e#W« 
disp^ace^int  of  the  -air  during  the  time  of  flight.  The 


w*  x*  ft  *  la  the  velocity  of* 

the  head  wind  with;  appropriate  sign,  while  -o  w*  is  the  «  ■. 

,  corresponding  algebrai-e  velocity  of  the  range  component  of 

the  wind*  •„  P:?-  % >• ^ I r.’".-  „  ■  y  ^ 

called  h  and  a  by  hsiy)  and  aa(y) ,  to  distinguish  them  from 
the  actual,  function's,  we  have  . ' ' ■'•%'■•  '•  '•>  -/s-: 

:’s 


r*  a  x*  +  ©  w: 


1  V'V  • 


■a 

;  h  ’ '  *■:  h 


s.a,,  +■  0 


s 


Si 


h‘v‘ 


"  wbsre:  /.wf  ,.•  a,;?  h>,%  aa,hs  &Vdh:-  -are^all  eventually 

.,■  determinate  vfunetions  -pf  y  al  cm©.. 


V.  ;} 


Observed* 


Both: the.  range  attained  and  the  time  of  flight  are 


v^hd^a^.ikod-?Abf-.;:uaing  the  values  of  & w1  ,  <T  a,  ahd  '.piS/- 
for  '•  th0;^d:ofewtati  on  Of  '’standard'  trajectories  Vi  3  ae;  >:/;>•  y  £  : / . 
•  f  o I lows  t  >- ■<  .  .  , - v  i*-  c  -  ■■  ..  .  ■  •  u''  v 


'  V'  fc\ 


■;-t  i* 


v.-i'v;.y;v  ■  ly;  Several’- trajectories  are /feomputed  '  for  suitably 
r  e  s  t  ri  e  t  e d  but  yet  a^bitrar  ily  chd  sen  -  neighbor  ing  v  aiue  a  of  0 . 

:  These  trajectories  mahe  use  of  the  corrected  values  of  w* ,  , 

a ,  and  it*' J*of  ea ch  ofthe  chosen  values  ofC  the 
vf  range  'efhd  time  of  flight  .are  observed* '  If phy. linear  '  <> 

i  interpolation  ope  'can  -  fird'-  a  choiCe  .of  C  fto'ich 

:  acceptable- estimates 'of  the  range  and  timf -of  flight  •  •  •  .'  '  -,* 

simultaneously,  'this  value,  is  adopted  for  use  under  standard  - 
>;  -icphditio«a^atod'':::^pi|d|l,4iruh^-^f  tph^-jaaa^|.n^are  ca3’rie&-  out  '  ■  „ 
V  for:  this,  Ohoice  ofrhailietic.  ceefficiefit*  '  If,  however*:,  as 
-soften 'hapben'B,  no  chofce  of  -CT  yields-  simultaneously  acceptable; 

e at ima t es-  of  both.  %;■  and/  ■  'then..  further  .  trial'  runs  are 
■•;;'.oah»ridd  '?$&-, 0*'9  "■  a,'-  and  h, 

but  with  bV'y^le4::-%le*duJgM.:the  y4ntrd.du;o4fe  ion  /of  an  arbitrary 

.  Jt  J  a  J.  »  •'■•«  W  —  Tf  a  «4.  -A—  t  «  -f 


b 


together  'with  su  oh  a 
both  the:  observed 


v.qf  :8  as  to  reproduoe  .acceptably 
"  rdhge  and  the.  total  .time  of 


'  In  current,  practise  it  is  usually  found  to  be 
unnecessary  to  :make  any  additive  corractioj| :  in  the.  application 
of  the  drag<j  tkaf;  :( $■■■■  ,'•  ...  ; : 


.• :  i 

■  ;A  f 

J 


.  =•>  ^ 


••  *'  '  'rc  :^V  - 


■’  '  ‘The.  following-physical  .variable  s  are  given  explicit 
symbols .  Als'o-  for  convenience  in  later  discussing  the.  theory 
of  the  mechanical'  performance  of.  the  Differential  Analyser, 
mo&-k  of  .then  are.  assigned  numbers*  "  Temporarily  w©  list  those 
in  .a  more'  psychological  order  while  indicating  the  official.; 
number  l if  any)  in  parentheses  at  .the  right*  ; 


» j-'yiU »  abac issa'  t in  feebly  ’or.  horizontal  range ,  of 
■ ' :  .f'.apy  &e  s ire  d  •  point 'of  the'  tra j e ct ory  •  ( 6) 


:;  yr';-"ffee  ’Or^iiriateylinife’et^  or  vertical' range  or:  ' 

altitude,  bffiany  desired. 'point  of  the,  trajectory.  (?) 


hg,  the  standard  ratio  of  air  density  at  altitude  y 
•/i te-i:.un.iis i o  the  standard  air  .density 
at 'Sep.  level,  assumed  as  expressible  in -the  form 

e  ty-ih  feet)  ,  h^  given  numerically 

above  e  ...  .  :  (.8J 


o  h,  an 


tie  additive  correction  to  hs 


tv  ttiftlt s )  o Total ned '••by. .  observat  ions  aloft . 


1,  absolute 
(3’) 


ly/.t  the  corrected  ratio  of  air  density  at-  altitude  y 
to  the  standard  air  density  at  sea  level,  expressed 
.  by  h(y) y*  hAfl^S  h*  ■  .  ..  U5) 


s,  the 'geometric,  arc  length,-  (in  feet)  of  the  trajectory 
:  with  respect -to-' the  air*  (1) 


J,  the  ballistic  are  length  (in  feet)  of  the  trajectory , 
.  with  respect  to  the  moving  air,  given  by  j 


t  ,  tb,e  elapsed  .time  (in 
"  of  fire*  "  ..1- 


from  the  instant 

:  ;  .  '%<■*  ‘r'Tv'  •  (0) 


y1 ,  the  vertical  velocity  (in  feet  per  second) 

-corrected  for  the  earth's  rotation*  (id). 


x*  ,  .the  horizontal  velocity  (in.  feet.- per  second)  with 
respect  to  the  ground,  corrected  for  the  earth’s 
rotation*  '  t?!-  v  ■  . (17) 


y3%  the  vertical  velocity  ( in  feet  per  second) 
.unconnected  fort  hteie  ar  th 1  n  rot  at  ion* 


(12) 


- 


xg*  ,  the  horizontal  velocity  (in  feet  per  second) 
with  respect  to  the  ground,  uncorrectea  for 
the  earth's  rotation*  (5) 

;  w* horizontal  velocity  of  the  projectile :  wi  th  - 

respect  to  the  air  (in  feet  per  second,).  (.13) 

,;the  -magnitude  of  tiie  head  wind :  (in  feet  per  • 
second)  at  altitude  y  (feet).  (1  * ) 

v, .  magnitude  ,of  the  velocity  of  the  projectile  with 
■a.  respect.. to  the  air,  v*  »  w*2  *  y*2.  (9) 

&l0t  the  correetdd  ratio,  of  the  velocity  of  sound 
...  -  v  in  air  at  altitude  y  in  absolute  units  tp  -the 

standard  velocity  ; of  sound  in  air ,  at  sea  level, 

•  &■(?}  '+:'^a.-i»here  as(y)  s  1  «  apyo  Cl 4) 

gfa,  an  algebraic  additive  correction  to  as  (in  •  : 

„-v  >//;  absolute  units)  .  obtained  by  observation  aloft .  (21 ) 

a*  the  adjusted  velocity  with  respect  to 

a  the  air  (in  feet  per  second)  ,  u  •  v/a .  (10) 

b(u) ,  the  corrected  retardat ion  coefficient  (in 
r reciprocal  feet,  l/f),  b(u)  z  b  (u)  *  where 
•.  '  hs(u) ,•••  the  standard  retardatinnscoeff Icieht  is  a 

tabular  function  of  u  alone,  and  where  ( ll) 


an  algebraic  additive  constant  determined  empiri¬ 
cally  in, such  a  way  as  to  bring  into  harmony  the 
::,;bafilstie  coefficient  reproducing  the  observed 
total  horizontal  range  with  that  reproducing' the 
obB^rvedftotal  ■  time  of  flight*  (sj 7) 


•V» 

k , 

A. 


the  re grp ©si on,  (in  absolute  units),  r-^^b  d  j  .  (3) 

the  cumulative  vertical  velocity  corr^c'tip-n .  due 
to  regression  (in  feet  per  second),  k  y f  dr,  (4) 

the  earth  rotation  coefficient,  used- in  the 
relations  yf  #  y  *  x»  xr  =  xsf_  -/(  y,  (in' 
recipr  ocal,  seconds)  ♦  '  .  '(30 


le  have  also  the  following; 

v0 ,  the  magnitude  of  the  nominal  muzzle  velocity,  with 
respect  to  the  air  (in  feet  per  second). 


-59- 


tiie  Cf?ii  c  OBjpaneiit  of  the  -  nominal  mu zzle 

velocity .  (in  feet  per  second}.;  ...  y  ■  '  !V'i 


the  hopisontal  component • of  the  nominal  muzzle 

apeq t  to  the-'  ground  tin  feet 
per  sedandK  .;  v/p--/  /V.--'..  i  ;  •  .V. 

the  hari:»ept.al- component  of  the  nominal  muzzle 

to  :  the  air  ( in  f set  •, 


l'i«:.-:Seponds}.  ...'  , ...  ,  < 

the  .total  (horizontal)  range  (to  the  level  point) 


'ehpohMhg  respectively" t o  the 

are  the  .  six  : 
¥'■*  t  -  X*  'iv  'numbered  '.re  ape  ©lively 


in. unite  of  feet 


In  units  of.  reciprocal  seconds 


In  unit,s;:  of  feat  per  second,  v9  j 


Is*  units  .of  feet  per  squ  are  Be  cow 


i,  1 


•  *9. 


V" 


i 


>r 


B-o  The  Canonical  System.  tyby;  >.Cy*:v' 

'  VaMbtia  systems  of  "variables. 


s;.  •<  uii  •"  j 


A-V V?  1« 


3  algebraic  and  -'differential  equations  that  might  ',.;  '  • 
naturally  first: -'occur,  to'  an  ..engineer;  in'  setting  up  Ms  proble&n  /'•; 
in  physical  variable©  here  designated  by  smllL  letters  iex^resae 
in  uniti 'such  as;  feat ,  ■  secondt^./feet-'p.er  a  degrees  of. arc, 

etc  . )  should  usually  be  modified -to  adapt  the  problem..  f  or  more-  ■- 
effective  handling  by  mechanical  computing  devices <'•'  -la 

chahge'  of-  uhits  the  equations '  may  '1)0  phrased,  in  terms  of  .  >  .- . 
absolute  dimensionless  variables*  each'  of  which' might  he  : 
regarded  as  having  merely  the  number*  unity,  aavit&- u  nit  L-- 
However,  it.  is  often  convenient  to  further  mddify^itjhis  h‘  .  >v„  - 

plausible  vdhoice  of  dimensionless  variables  by  iniroducihgi.;|;;;X;v 
some  dimens ionics©  canonical  units  not: pace ssarily  equal  "tdyi 
unity.  The  equation;8  become  thus,  reduced'' to 


and  expressed  in  t  e  vra  a  of  canonical  variable  s'  here-dbS  i  gnat©  d 
by  capital  letters.  Of  these  variable  a  one  .will /be  ''ther:..3-ing-i#- 
independent  variable,  the  others  being  all  dependent  there onit 
The  canonical  Variables  appearing  'explicitly  andv:given-  each  ' 
its  own  identifying,  symbol,  maybe  called  the  oriraar'y---r..st?y-.r  -hi 
oanghieajb  yard  ah  leg*  As  contrasted  t-o  both 
.canonical  var*"*'"* 
by  underscored  ca 


proportional  to  a"  corresponding.  canonical  [variable,:'  with  a :yC  p 
recorder  ratio*  The  purpose  of  intro.duc ihg  these  ree order ’vBh :',  V: 
ratios. will  be  discussed  later*  "  -  "1 ' bb; ,b;4 


Por  a  given  physical  variable-'  say  2 r j »  let-  be  the 


associated:  canonical  variable  and  2^  the  corresponding  re  corded. c 
variable* •  let  p^  be  the  phy  s leal  rronortl Quality  factor  *  for 
which  one'-- -physical  unit  is  equivalent  to  p,  absolute"  f -hWf;%. ' 
dimensionless  units.  Let  lv  be  the  canonical  coefficient.',  i-v 
for  which. one  absolute  unit,  is  equivalent  to  k,  canonical 
units.  Henee  one - physi cal  unit  is  equivalent  to  p^k*  . 

canonical  units*;-, or  ?'>  pJc.a,,'  Let  r  be  the  .recorder  ratib.i 
for  which  one  canonical  unit-  is.  equivalent  to  rpireedrSel- - : ,  ■  v , 
units.  Let  us .  designate  by  the  to t&l baa chine  mbit inli er . 


where,  m.  s  p.k.r,,*  Then  each;'1  physical  unit  i©  equivalent  to 

_ 1  ?■.  -  r.  *■ 1....  4-  4 _ L _ : _ _ j  J  ..  ....  _  „  * _ 3  _  J  _ ^  -I  _  _ rr  w-  _  _ 


units  of  the  corresponding  recorded  variable,  or  2^ 


Si  2 


in-: 


-  *5- 
■  <&  * 


The  Canonical  Variable©  and  Parade  ter  a, 


f  !  As  mentioned  above,/" canonical  variables,  and  parameters,. 
will  be  indicated  by  'capital'  letters,  an  exception  being  C  for  .. 
the  'ballistic  coefficient,  not  a  canonical  parameter,,  and  which 
requires  no  analogous  canonical  symbol,."  :  '■  ‘  .  ‘  . 


Tno  ee  caHomf 
d  directly  fipxa 
ye  ly  are-:  listed 


mi = 


ak  *■ 


tO'K 


ria-bles  and  parameters:  which  are 
Ifsionleea  physical  quantities 
OllOWBJ  •  *....  .,  .  . 

procal  of  'the  ‘ballistic  Coefficient*  (ii 


.  H{  Y) ,  *  h(y}/£>  the  canonical' air  density  ratio.  In 
•  comparison  to  the  unit  projectile.  -  '  (1 

'•&_  ( 0’ffi  ri  the;  c sho ni; e a  1"  standard  .■air-densil^,. 
;V  ’  ;X. ratio  in  ^.comparison  to  the  unit  projectile*  ,# 


.*  •  •  V.  A’; 

,  ’»•  r-w;  . 


.  ;  'canonical; regression...  •?••• 

■j\  tV'  ;§fea,  physical/  constant  h^r  used  in  de  eignating/  slan'da 
air  density  .aloft  is  in  units  of  reciprocal  feet,.,  bpt^ah  .ail so 


d'i^ensich^es-pi,;:|syltiplier*, .  This , multiplier  -  is  used';  tG.-ponyert 
the't'ditaffnsiogl'esh  sdund' speed1  rat ictaly}  and  related^/’1;  >'*h  - 
qUaEt'itieh'.viBt'e  Canonical'  quapiitibif  'as  follows;-  h  yi  4^1' ' t '." 

-  ‘  V-.  a(y)  (hj/a^J. »  the  -  canonical  corrected  sound 

;h  •v.'^-^!vTfl'hc'ity  aloft  given  by  the.  formula,  A^}' '+£ 
.  -  .eliere  Aa(Y) ,  *  a3(y)  (hi/ai) ,  is  the  cahcftical:"'' :, 
..;? :  -ri't  Standard  sound  velocity,  aloft  -  given  by  thp  /iormb  ia. ' ' 
•'AgCi-j  a  A0  •  ;Y# ..  Y  i&  di seua Bed  'below.'-;  _:h"  J14 

'-...  ■■/'■'  -h A" -  c  h./a,  ,  the  canonical  standard  sound,  velocity 
a!  sea  level.  "  ''  , -  ;; A i ) 

AA,  »/a  (h^/su),  the  canonical  algebraic  additive 
correction  xo  the  canonical  standard  sound  velocity 
-  aloft*,..  .  '  - .  .•,-■■'■  ■'  :  2* 

rcmrXed  above,  ',  the  physical,  constant ,  hj  r  used  ’ 
in  designating  standard  air  density  aloft,  is  in  units  of  - 
reciprocal  feet .  ' Hence  any, physical  measure  in  feet,  if 
multiplied  hy  h1(  gives  a  dimensionless  quantity.  Wq.  obtain 
the  following  canonical  ’  quant  it  leVin  this  manner*  '■  v 

•'  "  X,  t  Xhp,  the  canonical  abscissa,  or  horizontal  . 

range,  of  any ’desired  point  of  the  trajectory  a"  ( 


Y,  =  yhlf  th.a  canonical  ordinate,  or  vertical  range, 

or  altitude  of  any  desired  point  of  the  trajectory. 

•  '  ;•  ■  ;  .  '  .  •  ■  (7) 

a,  «  3hj_,  the,  canonical  geometric  arc-length,  of  the ; 

.  *  trajectory  with  reference  to  the  air,  (l) 

z  the  canonical  total  horizontal  range, 

Y  -  y  hu  ,  the  canonical  maximum  ordinate. 

J(S)  *  jh^,  the  canonical  hallietic  arc -length/; of  the 
,  *"  -  ;  trajectory  with  reference  to  the  air  and' in 

comparison  to  a  unit  projectile,  '  (2) 

Similarly  by  using  the  reciprocal  multiplier,  l/hi , 
one  secures  ..the  following  canonical  quantities?  .... 

.  Ji(U),  s  b{u)/h.  ,  the  canonical  corrected  retardation 
'  coefficient,  ‘  '  (ll) 

Here  3(U)  »  3S(U)  +  P,  where  B  (U } ,  »  .b  (utT'/h^,  the 
canonical  standard  retardation  ..coefficient  is -a  • 
tabular  function  of  IP  alone,  ,  (£) 

and  r,  *  i/hx,  is  an  algebraic  additive  constant  , 

determined  in  such  a  way  aa  to  bring  into  harmony 
the  observed  total  (horizontal}  range 'and  the  • 
observed  total  time  of  flight.  till) 


-  The  physical  constant  g  is  in  units  of  f/s and  hence 
fgh^  is  in  units  of  l/sec,  H,enoe  any  physical  measure  in 
seconds,  if  multiplied  by  ’fghp,  gives  a  dimensionless  quantity. 

We  obtain  the  following  canonical  quantities  in- this  manners- 

i  i  ,uui>Tii 

1,  *  t  Tgh-t  ,  the  canonical  elapsed  time,  fr orm  the 

instant  of  fire.  (o) 

T*,  =  t#7gh^,  the  total  canonical  time  of -flight 
/  (to  thex level'  point) .  .  .  "  : 

Similarly  by  using  the  reciprocal  multiplier,  we  have 
as  canonical  parameter,  A  ,s  A/fghu  f  the  canonical  earth  rotation 
coefficient,  used  in  the  relations  Y*  ®  Yi  +AX*  X*  a  X*  -AY,  ^C) 

from  thc^two  physical  constants  g  and  hi,  we.  obtain  also 
the.  factor , -Th7/g  which  is.  in  units  s/f.  Hence  anv  physical 
measure  in  feet  per  second,  if  multiplied  by  fh^/g  give's  a  P  . 


dimen  s i  onles  s  qwaiit  £ty  V 
quantities  i n  ih  i  s  -mann 


$0 '  o $ffegt i n>  the • f  pi  1  qwl  pg caper*  1  cal 


xVf  h, /g.:  • * --th-h;  oapapl  oal  horizon tdl ;  yplpf  ity  ‘ 

,i  c orr^c|yMqf -op ;the 


-hj/g,  the  canon  leal  ho  rizontaly?;el oci tj 
respect/  to  the-  grtxmd.  up e ©rre ct  ed r-fQp 


V,  a  v  ihT/g»'J|apgP4tq.4.e  Oof  the  canonical  .  velocity.?  of 
y;  ;;g.$fc&  prbMctTl^y^itA^respectatP^the-.:  air^gy'X-'-' 

....  ,  y2  x  ‘  , 

•  ;•'*■'  4  '  *  ‘*  *••*"  J'jy  ,.  ••-:  r*.  V  •  '■.  •  .V'*j-'.f  •  '  \  .  \.  *  ?V  ,  /  ''  '*'•’  •’#£*  .'■  ' 

4, 3  •  y;*  *f  hi7^r#ihe  vertieala.f;elocit^rv;'' 


correcte.dy  for .  the  .earth  s  rot.atibhV' :.• 

■  •  •■"  . ..  .  : :  •  •.  ?•  ■  .  ■'■-■:  •  •  •'•/.  -  gy*':.,  ' , 


,‘V  -•„  ;.  '  .:.\7  -.J  •-•*-*'  . .  ‘  •  *w*  :.  ;*  *.•*■;:* r  -.  X  V  *  ,  ■ 

9  y4  'Wg  >■  the  cahcpieal:, vertical  /  velocity  yy 
■'■•'  Xi. ■  upc  brrec.ted," f6r.,;.t;h'e:;  eai’th*  a  '  rotation*  yXj&Sj&r 


the  ’e^rth* s  rotation* 


•"•'W*  the.4papon.ical- horizontal:;^e^f:;i|y.-'bf 

. jV: ;:v eil 3&  with;  respect  to  the- 

AW* ,  sfiw’iL/g  ,  the  canonical  b&lli.steip  head 

,-•  ?',X  Xind*  XXj,  .  g ..  '•'.>•  ■  c" "  vX'X  ■■'  -hi?-* ) 


h,  s  ;lc  J  h_ /g,  the  canonical  eumulat  ive  -vertical  ;  .X- 
•.::  :  '  velocity  correction  'due.. to  regression,'  .  ',;: 

f  .X  gX  :;’VyI  »7l»  dPw  4  '^4  :  /;  \  W 

J?/  '  .  '■  4-  ^  '••  •':  -  1  ;-  -  >  g  '  .»•*  •--  '-livg  ' 

'  f,  _  .  -  ••  ^  £  ;•' 

:V-_  j  *  V  Th^/g,  -yrve  raagnitude  of  the  canotti c ?*1  l.;g y'j*;-. . 
’•  1 s  nomiaal  jatazile 

"  ''  -  the  air, '  \  4g;,. 

vt  '  t  -I  n"l—r"""/"Z'  4  a  -"if'  ^  -c»  •i'u’A 


.«  y*  i  hn/gy-’ th0.:‘ 'vertical  component  ,  of  :the  ^noni 

•;-  ••  \  ;  nominal  mhzzle  ‘velocity*  a-...:.  i;i;Vh ^'v'-'v;; 

Hu,* ,  •  |  *  -X.'  ■  '.  >  hr  ‘  v  ••  J'.t*-  •  "• 


•X«,,C  X^fWg  j  the  horizontal  e-teaponept^.o'f  the 
,,  '  y  canonical  nominal  muzzle' 'velocity- it h  respect  ■ 
to  the  ground* 

•  i’v  ■  v:  *'  •  *'  r  -  ■  jimiiiiim  "T  ';.vx-y  ’y  *••'  'y‘.  .  "’•*).?  Sv*'.,.  •' " 

.  ^v:  w  Wglh^/g,  the  magnitude:  of  the  cahonidal  r . 

;  -  mrf.aee  head  '.wind*  :  :  >  -g  ■ 


s  .  \;y  r  thb  'iCsagPitp^P;^^'  the  ;.caBOPipal-.y.g''  .y 

. ;v:'  :.-*I  ;y:-tenainal '  irttidei J.ef «  i •  Ro-int'l 

'■'■*:  ^  ;'l*v  t:-/*  respect;,  to’-’,  the  .  air^’.i;;v:g :-gh  rl.  gKgy 


A  little  less'  '.-direct  than  In ithe . Cases  just  • 
meat ioned.  i s  tliQ- relation ’ "between  TJ  and  u ,  since  here  the 
dimqnsioxtless  multiplier  Aj»  vS.hj/a-jV-  ie  also  involved:, 

Uf  »  a  &i/Yghj  «  ufSTTi ’/A0,.  the  canonical  adjusted 
horizontal,  velocity  with  rA.speot  to  the  air*  U  s  "V/A,  (10 


3.  •; The  aerial  .list  of  canonic; 
supplementary  variables  and . par&me tera* 


3U  at  ions  and 


-Wo.  list  serially. as  follows.,  the  canonical  equations, 
and  supplementary  ^yariahle-a ■■  and  parameters*  Ihe  order  ,  chosen 
is-  suggested  hy  the  0 lass iflhat ion  according  to  types 'of 
operations  performed,  and  in  the  case  of  integrations,  by 
th#'. hilify/o'l:  listing  close 'together- any  two 
Ipie^htions  where  jthuiihtagral  re  suiting;  from  one  supplies 
the  differential  of  the  other*  . :  - 


4‘,fbr'  preliminary'  data,  we  have 
"4^0.  V-  V  v  .A  ■  •  :s  ■  . 0035342 : 3 in  f£  ■ 
■ ;f i  -c*  )  Av:  ( tahuiated) 


4',;;. 

f$Q} 

bbiv  ) 

.  v ^0 » - 

:4<  ■  < '  v  ■ 

ftp.  4 

’  Ciii). 

'  ■  r, 

:;ti  v)  ' 

tyj 

iv) 

"  Xo  l 

hi*).  ' 

A  w.%> 

) 

A  A, 

AH,  ^ 

interpolation^  . 
s.  (M*V"»);'s.in  L  (' 


)  x  ,000991093  ’ 


Kor  the  simultaneous  eyat'emtof ; algebraic  -and  :V?V;'- 
differential' 'Equations,7  we  have,.  aa  th»  reader  may  check"  for 

himaelf  \  /  •  .  '  '  " :  .  '  !>■  '-v  '  ; "' 


(0)  '  K-;  T..  .. 

M)  .-4 ;  s‘* 


dT 


;  (12)  v;:  Y»  -  (7  +  K)  ':;  y  '•  ; 

t  (13)  ’.///  v/»-  x*  +As»  '  ." .■■  -v'  ,:  ■ 

i  14 )  A{ Y)  -  AS{Y| ;  +  4  A  *  '  (Afl  -  ;Y)  +  4A>  10  * 5274 } 

W  '•  (13)  .  H{Y)=  HS(Y}  +  4h  .  ”  V,- 

(16)  Y*  =■  .  Y*  +AX  t/V*  *0035342  si net) 

(17)  -  X»  =  Xj^  ~AY  (A=  •00.35342  sin^C) 

Y7h.il®  the  correction  terms, 4  ‘®‘*  ,  AA,  AH  may  he  'positive., 
zero,  or  negative,  and' may  be  increasing,  stationary,/  or  ■  f  \  • 

negative,  the  eighteen  canonical  variables  (save  for  Y*  and  Y*3 
are  all  nonnegative  throughout  the  trajectory  (as  far.As  ’tJisy: 
level  point).  Iheir  behavior  along  the  trajectory,  as  functions 
of  T  may  be  "described  as  follows  i  ■■■[  •••:•;  v 


(0) 

Increasing  from  0 

to  IV* 

U) 

s  . 

Increasing  from  0 

to  &**: 

(al¬ 

.  j 

Increasing  from  0 

t  o  J#f. 

ls) 

R 

Increasing  from  0 

to  R#* 

V4)  K  Increasing  froati.  .0  to  summit }  then 

.  decreasing'  terK#*  "  >>.,v ; > 

(6)  X,t  Decreasing  -from  .X1^  to  X|#  ~ 

(6.)  X  *  Increasing  from  Qfto  X#«  - 

(?)  Y-  Increasing  from  0  to  Xmf  then  decreasing 

•  ;  to  X*  a  0  *  ...  ^  V- 

{8)  H  Decreasing  from  H  to  HL .  , ' then  fncreaa 


to  V 


(10)  U 


(9) J  ■  V  Decreasing  from  ¥  to  V,  ; then  Usually 

;  increasing  to  V**°  ■  ' 

(10) .n  Decreasing  from  U  .  to  U  .  ,  then,  usually 

increasing  to  Xi*.  r  ;  .  v . 

Ill)  Br  Dies  between  J i  .  and  3  ,  f.  %>'•""'> ' 

;  min  m  .  y  . 

(12)  ,Y^  .  Decreasing,  from  Yjj  through  r.ero  to  the  r 

f  ■’  negative  value  Y*  .  :.'Y 

(13)  W*  Decreasing  from  to  •  .  -v-;;:  - 

(14.)  A  ,  Decreasing  from  A  +  4&A.  to  ALY  ,  then  ... 


(15)  H 


Decreasing  from  A  +  &A  to  AL_-  .  their 
increasing  to  l#,0:  AQ  ?  A  A0*'  , 

De creasi ng,  frOmH,,  '+  A K_,  to  Ii^.  then  ' 

.■  increasing  to  H*  ,  V ,H0  $  £.  V*  ■  ;  v 


(16).  Y»  '•  Dec 


:  Decreasing  fronFY*  through  aero-to  the..;' 
. 1  'negat i.  ve  .  vbslue  Y* 


-.>■  i ,  . 

V-  v  '• 


i 


■  WJf. 


•hfV  "t; . 


•n  .Coefficients.  ■  ‘ 


I*  tjo^Tfersiott  Coefficients  Introduced* 


types  of  multipliers 

or  proportionality  factors-  already  introduced*'  (i}‘ 
physicai:'pfroi>ortioi^!.ltt^  factor-,  pit  which  converts  a  '/; 

into  a  dimensionless  unit,  (ii)  She  sa^p.nloM: 
5*;  kx  ^which  converts  an  elementary  dimanBionldf »; ! 
unit  into;,  a  canonical  unit*  fill}  She  recorder  ratio.* 
which  OdMapta  -a  canonic  a  1  unit  into  a  re  c  order  uni 
She  ma ch ihe  au  1 1 ip  1  i e r ,  mi,-  which,  converts  a  physical  unitt:C 
d ire et- ly-  into  a,:  rec order  unit*  '  ‘  '  .  *v  ■  v. 


:  The- multipliers  mentioned  above  have  no  special 

reference  to  the  mechanical  structure  of  'the  Differential . 
Analyser*  . cow  •  turn  to  the  questl on  of  •  cenverui on 1  iM-'/S 
coefficients  which  while ‘analogous  to  the"'  preceding. 

-  multipliers'  are.  hot  ~  (in  mo  st  case  s )  inane  diate  ly  ;  expre  sat  tie 
in  terms  of  'them.  •'  -  -  .  %r  " 


.  ,:In  the  Differential  Analyser  each  primary1  canonical 

variable.,  enters  into  the  physical  operation  of  the  machine 
only  as  proportional  to  ihB  total  turn  of  some  one  or  more 
rotating;  bus  shafts.  '■  ■  If  a  given  bus  shaft  repr  e sent s  by  f  ,  ;\1 
its  total  turn  the  canonical  variable  2*  ,  then  the  coefficient 
Cx ,  which  is  such  that  one  complete  'rotation  of  the  shaft 'b 
yields  op  units  increase  , in  the  variable ,  is  called.^  the  . 

•"•  conversion  coeff  i  c  ie  nt  ■  -  for'  the  combination  o.f  given  shaft.,-”' 
and  gi ven:  can oni cal  variable*  A  given  variable  has  a  separate 
conversion  coefficient  with  rdspeet  to  each  shaft  representing 


it*  while  also  a  given  shaft  may '  repre sent  several  variables,' 
(necessarily  wautuatlly  proportional)  but  with  a  separate  •  - 
conversion,  coaff ie lent rf of  ,: each*  .'.the  symbols  cl ,  cA ,  c^# 

CQ»  c,  » . » » »  C^,,,  0j * ,  *0^1  will-  be  used  for  the  convert _ 

coefficients  x Or  the  corrliponding  canonical  variables  (l%&', 
3’  ,17,1*,  .  *Vj.)  as  represent ed  on  the  correspondingly 

^  numbered  .^primary" -  bus  shaft  which  serves  as  output ‘for  the 
correspondingly  -  numbered  . auh^€hih^^^^^[i'••^-ohine••  e  lament*  For 
instance  » : th.®,-.- regression  B  is  -the  variable  with  official  ;yV.  • 
r number  is  the  -output  ;of  the.  integrator  unit  #3*  which 

is  also;. the  Submachine  #3,  This  primary,  output  shaft  is  also 
Machine  .Element  The  conversion  coefficient  from  primary 
.  shaf  t  to  '’variable  -i a  designated  by  c*,  a  signed  quantity.,  ' 


v- 


-  1*-  . 


*•  t 

l-.-'K  ✓  - 


.  <  i .  kV  ’’  <v-- 

b«  -‘-M 


-  s  •  v‘_ ,  r  1  -a'l 


St  V  -•  •;  r-_  P,  ;>  : 


,  .  -  V”  ~  V>  ^  ^ 

•  ,  *J  f , 


The  conversion  coefficients  (as  distinguished  from  recorder 
coupling  coefficients),  to  are  for  the  recorder  variables. 

The  gear  couplings  have  been  described  earlier* 

Each  is  either  a  single. pair  of  meshed  spur  gears  (then- 
constituting  a  simple-  gear  coupling),  or  else  Is  compound, 
composed  of  a  train  of  each  gear  couplings.  When  tw'd""^.8 
shafts  are  geared  tog-ether  through  a  gear  coupling*  both 
shafts  serve  to  represent  the.  same  canonical  variable  but-'., 
with  conversion  factors  in  general  different*.  The  change"’ 

In  conversion  factor  introduced  by  passing  the  variable 
through  the  gear  coupling  is  multiplication  by  a  coupling 
coefficient  (always  a  rational  number)  entirely  determined 
by  the  mechanical  relatione  within  the  gear  coupling.  - 


The  coupling  coefficient  is, defined  as  the  . 

(signed)  number  of  revolutions  required  in  the  bus  shaft 
entering  the  gear  coupling  to  produce  one  revolution  (in  the 
same  sensdj  of  the  bus . shaft. emerging  from  the  gear  coupling. 
Since  the  bus  shafts  are  parallel,  there  la  no  ambiguity  of  ■ 
sign  involved.  A  coupling  coefficient-  has  determinate  sign;  ■ 
it  is,  for  instance*  negative  for  each  simple  gear  coupling. 


The  gear  couplings  are,  given  serial  numbers*  from  1,8 
through  50,  corresponding  to  their  position  in  the  complete 
list  of  submachine s  for  output.  We r-magf  designate 
coupling  coefficient  for  the  gear  coupling  #J.  This  produce 3 
no  confusion  with  the  conversion  coefficient ,  since  the f two 


sets  of  subscript  numberings  concerned  do  not  overlap, 


To  illustrate  the  relatione  among  tbe  v&r  i able 8 ,  , V v. 
consider  isc,  the  physical  variable  for  horizontal  range*  ft* 

•the  corresponding  canonical  variable,  and  X  the  correspond  In  g 
recorder,  variable.  One  has  the  •  equation,  X»  h^x,  connecting 
physical  add  canonical- variables.  -  It  will  be  seen  that ’-efi  , 
is  the  conversion  coefficient  for  X  and  Ojg  is  the  coupling- 
coefficient  from  the  primary  bus  shaft  for^X  to  the  hue  hhafb 
of  the  recorder  variable,  for  the  variables  here  considered. 


There  would  be  exceptions  in  the  actual  .numbering  .of,  mechanical  " 
gear  couplings,  exceptions  which  do  not  affect  the  theory  but  which 
simniify  the  problem  of  setting,  up  the  machine.  L-  "y  •  -'y,  .1  y;b 


there  Is  »  common  zero  origin. 33o%  one  tarn  of  the  primary 
has  shaft,  gives  by  definition  cg  Units  in  crease  in  the' • 
canonical  variable''  X*  '  Hence  ,  the  total  .tarn  lln 
revolutions)  in  the  primary  bus  shaft  for  X,  is  equal  to 
X/c*^  s  bix/cg.  But  it  takes  cSg  turns  eftthis  primary  .bus 
shaft  to  effect  one  turn  in  the  recorder  bus  shaft »;  and.  hence 
one  unit  of  .'increase  '  in  the  recorder  variable,  X4  •  Hertc#  t-fya ?• 
variables,  X  and  X,  when  carried  together  on  this  recorder  ..bus 


shaft  are  so  ;related'"thbtt  X  * 
finally  ;  ’  ••  . 


exA, 


..Hence 


% 


IV 


> a  igpuational  Principles  Relating  Conversi on  -V 
2'oef f icTSh?-© .  -  ,  ■'  .  •  >  -  •  './• 


¥/e  shall  list  herewith  some -  principles  adopted 
concerning  equations  among  the  conversion  coefficients,  using,  .-> 
the  lettering"  In  most'  cases,  analogous  t-o.that  for  the.;-..'.'  /*• 
variables  -and;  submachine s,  •fvbVV.  ./:V; V:---'.  riv  V  ;• 


(a),  tor  a  given  gahp ni cal / vahiabl e ,  it,  with-  /• 
conversion  coefficient  q  on-bv-giyeBi  bus  shaft ,  and  for  arty 
given  non* -zero -constant,  ht,  the  conversion  -coefficient  for/ -V- 
the  variable^- .on-  this, '•same /  bus  -shaft-  is  pq*  fThis .  follows  - 
from-  the  definition  bf  ■  conversion •  oof ff icient  J  ;  ;-'/•//-  " 

..  (b)  y/For  the.  call  brat  lng:.dru;ais,..the.  conversion 

coefficients  for  the  separate  " canonical,  parameters,  ii/.  ,:-'H/ ^ • 

P  .  "X<J ,  XJ  .(reispectively  numbered  (ifVTii),  (iiij,  iivH 
(v) )  on  their ,  respective  -pri&ary  bus  shafts  are  taken.  ./S\  -  ' 
without  loss  of  generality  to  .be  the  same  respectively  as 
those  for  .the  primary  a an on i cal  ’ var i able. 3- .-to  which  the.sa;/\  /. . 
parameters  .are  respectively  (algebraicaliyl:  added,  on  these'—;, 
‘■same  shafts,  JJThis  means  merely,  that no  further  couplings,;"  / 
are  actually  br  nominally  interposed  between  the  me bhanism  / 
of  the  calibrating  drum  unit ,  and  ,;^he.  shaft  whose;,  primary.  h;.-; 
canonical’: /variable  *g  being '  calibrated  »)  ■;//• V  ./,///'.  V  V'  v-.-v  \ 

.'(«)  -She (H| .  /*//  /■,.. -/ti .  V  ; 

>"  Cd)  On  the  initial -bb 3  shaft  (chain- driven:  by  the 
prime  motor)-  the  'conversin'  factor  for  1-  is  taken  w-ithoui  /:•■- 
loss  of  generality  to;be  arbitrary  gave  for  inferior.  Imitations 
to  be  discussed  later*,/ It;  is  '  usual  to  take  this  conyersi an 
aw  small  as  is  convenient ly  permitted,  by  -these'  inferior 
Imitations,  : .//  "  .  ,/'  ;'////•/;-  -  /.  k 


( q )  to  (h) ,  covered  by  ;(i)  to  (k) , 


(i)  (1)  1?or  any  Integrator;;,-  the  convere ion- 
coefficient-  for  the  output  variable  dn/the  output  shaft  is 
52  times  the  product  of  :the ."e;®^^st!si'6h'  coefficients -of  ths 
input variables  of  ■  the'.- inte-gj^jor  oh  their  respective  .inpu- 
shafts.  •  [This  fbf  lows;  froxathev nature  of  the  inte 
process  ani  from  the  calibrating  constants  of  the 
unit  as  a  -sub-machine *j[  -  •  bp'-  . 

( 2, )  'When '  a  gireh  eahoni cal  war  la hi#/,servef .  ; 

differential  input  for  more  than  one  integrator  unit,  the  ’ 'ft  f . 
conversion  coefficient share  to  he--;  taken  as  equal  f  or 
variable  on  these  several input ,  shafts  j  similarly,,  when  "one ,: ■/  • . 
canonical  variable  serves  .a®.  integrand;,  input :  f  or  more  than  ,$PA 
one  integrator  unit.  -./p* ■  •: :  1^. 


conversion- 


(-j)  (1)  for -the  Vedior  3?ahl«-',{:iahl«; 
a-  .coeff  iei&nt  s'  of  .the  thfW  v&riahl^'fe 


V,  are  .equal  -  on  their  respective  bus  shafts  of  this:: 


Wi 

»  ?*-  » 

su  bmchi 


(2)  Pop  the  Division  Table  (Table  #8 )-  the  conversion 
ta.of  the  three  variable e  concerned «  V.'--A.  U.  on.  .1*'  • 


their.' respective -bus  shafts  of  this  machine  are  so  related"  that 
the ' ■  c.be f f i.c'i«h|^:f. or  ■  the  1®  ,1/360  tia*e'S>; 

of  the  respective  conversion,  coefficients  for  the  .numerator* ,V,’ 
and  for  the.  denominator.  A,  [The  factor,  l/360r.  aripea  for  A-  : 


and  for  the.  denominator.  A,  [The  factor,  1/36 0 , .  ar4 se.a  fop  ; ’ 
the-  follcnfing;, reason,  when  V  : and  A  are  each ;  at  thefif  iiniitfnjg:  /; 
position  . of  90  revolutions  of  their  -  respectlvd 
assoc  i at e4 nlesud  acrevira ,  then  U.  is  also'  -at  ^ yo-lu^OH#  •©•£ '  V*. / •' 

its  own  ihad ’screw. f  -.But  this  lead  screw,  in' '"tbr'n 
the  me Ghajfi eal  Be t*«hp  of  the  . table'-  itself gear  rat-i’^fo^/v*-  •• 
producing  four  .turns  of  the’  eventual  output  s|^ft  to;.»ach  4urri: 

ead  screw*  _  Hence  36p  ■.turns- of  -the;  sy.^tuaI'Af\"- 
hired  to  yffeild  .one  .unit.,  increase',  U^. 


>r .  the  Te: 


ope c ial •  "rifl e  is  invoked.  -  , f : . 


'(kj  ?or.  any  adder,  the  three  cahohital  variable S> 


on  their  respective  shafts  the  same  tbnversibii  coefficient^' 
[This  is  .hbvious:  from  inspection  of  the  construction  of.  the'; 


for  =  any  printer, 

yi eitti ng  ..the  r e c order1 -  var i able ,  ; 
shaft-  from-  the  corr<^pbn<iin«leas.- 
own  primary  bus  shaft is 


s  i  a  •  ae  en  from  :;tbe  >  foil  owing  tw  o  facts*  (i)  The  two' 
variables  are  related  ‘by-. an  equation  of  the  form  £  »  rZ, 
where  r  ts-tjy  definition  the  porresponding  recorder  ratioj 
-  ( i i }  since  a  coupling  connects-  directly  the  primary  .shafts 
for  ;Z,;. and. 2,  one  has  a  rel?.tic)ip  of  the  form  c/„y  s.  e,7yO, 
where;. c.. is  the  coupling  eo.ef  fi-feihnt  cohcerned^and  C»f{ 
and:C/f»  are  the  conversion  coefficients  for  Z  and  2 'on 
the  i  r  ^  re  sp  a  c  t  i  v  e  pr  i  many  ;bu  3  3haf  t  s  • 


3« 


'the  Equations  in  Serial  Order. 


•  ■  y^ri. 


suhcihchines '  #!•  to--  17.  inclusive  with  ;$helr 
re spectire  ;'e,q«ati ons  and  variables  lead  to  the  following 
equations  among  conversion  coefficients,  involving  as- 
■multipliers:  the  coupling-  coefficients  concerned..  The 
letters  \l)  JfentMl)  are  carried,  over  from  the  genei’al 
di  a  e  u  s  s  5  e  n>^  V.  ’  (  ..  • 


illustrate  the  method  of  obtaining  the  equations 
c^ongiGonversioh  coefficients,  ‘it  will  probably  suffice  to 
showv'hqtv::':t'®hc first  relation^  namely  c,..  »  32  c  ogc,  octq  *  'is.y 
bbtaihed-4'lf'this  is  found  by  ref erenca^t  6  the  relation-  ,2;;  h'-  ; 

S  z  JlV  '  At  provided  by  the  first  integral  or  unit,  The  output 
of  this,  integrator  unit  is  S.  carried  on."  the  primary,  shaft- r:b. 
f  or .  t> ,  naiaely  -shtsLft  #1 ,  and, with  conversion  coeff  icient  c, 

The  shaft  a  carrying  T  and  V  respectively  into  this,  integrator 
,  unit.: -are- .^.or.tfhowever  . the.  primry  shafts  for  these  variables. 
The  vdr fable '  -T.  lias  been  passed  through  the  gear  coupling.  #19, 
which  has  the  coupling  coefficient  c,0 „  On  the  primary  - 
■  shaft- for,. T:. the  conversion  coefficient  is  cQ,  hence  on  the 
differential:  input  shaft  for  integrator  unit  #1»  T  has  - 

the  conversion’:  coeff ie lent  cqC-„*  In  an  entirely  similar 
way  V  has  On  its  input  shaft-  into  this  integrator  unit,,  the 
.conversion  Coefficient  c^c,,,,  the  c„  being  the  conversion 
.coefficient  ofJ  IT  on  its '  own  primary^ shaft  and  the  -c-p  being 
•  th§  coupling  coefficient  for  the  gear  coupling  whicn  carried 
V  from  its  own  primary  shaft  to  the  input  shaft  for  integrator 
#1,  By  Principle  ( i } »  the  integration  gives  32  times  the' 

product  of  Coc19  c9cie»  or  ^2  C0C9C18C19  in  turn 

’to  bO  equated,  to  c-j_as  desired. 


is 


■  ■  -y  :;V  By  Cl)  (ll  -• 

1*  .  if'orn  S  sSj  dT, 

2*  Prom  J  «^H  dS, 

3 »  .  Prom  K  «*  /b  dJ , 

/  :  -  -  ■  .  & 

$u.frwSem.eitts  A  B. 


32  coC9Ci8C19 
32  C1°15G20G21 
32  C2C11C22C23 


-  72- 


.  "i”  rm 

Prom  V  = 

From  YT  -5  .  r^'Y*  , 

;  From  X*  =  r^X1  , 


©  :  !W..  T* 

58  III 
°54  =  TIV,; 

°66  *  V 

eS6  =  TVi 


Solution  of 


Conyers  ion 


.  ?  ..  Ihe  system  of .  eouati ons  ia  the  pre c e d ing  se ct iott  • : 

involves  iaapy  more  WalChowns  than  equations.  It  is  desirable  -V 
to  aep'aP^.te/'vraiati’bHs.  involving  couplin^f  coefficients  alone  . 
from  those "which  involve,  primary  conversion  coefficients.-/  ;■  „  ... 
The  coeff ioiehtj#  c},  c£,  and  Cc^  reg-  may  'he  considered 
separately* "/IV/witl  "be  recalled  that  riV  is-  in  sdiae  Cases  aero 
and  is  in  -any^ease  based  .upon  the  observation  of  .the  as  i  math 
'of  fire*  Ih-is  number  need  not  be  easily  representable  exaotly 
by  gear  t-r a i n  f  a  oior  a .  However  the  use  of  the  machine  requires 
a  .gear  train 'fact.  or. ;  to  represent  A.>  Since  the  effect  is  in 

adjust  640  and,  c50  to  give  acceptable 
Value  a  ■  f  c'^g^  and  o?A  ’  as 4  wi  1-1  •  be:  dl  scussed  ‘prp  seiitly 

:  - iVIb./de  .found  that  e*  may  be  retained  -at  preeori,V:a®''*l:r 
an  independent'  parameter,  t-o  oe  adjusted  later  subject  tffl  ?  •' 
i nfer i or: ; lialta.t ions*  •  Leaving  this;  parameter  indeterminate* 
each  otherV primary  cbnyersi on  coefficient  in  the  list*  cl- \td 


quadrat  ic  .irrationality,  which  may  be  taken  to  be  , ■  hr-V  •. 

;  We  proceed  to  the  solution,  usingVifee-  of 

Squat icnsyMyepi  in  '.Section,  3.  v  VVf -V+^lqrV  •'f’V  • 

- )/  /--b V : :  ^ ; :V 


; .  ;v.v  v1/3Sio3^J 

JVoBi‘v{l^);'ahd‘bCl}V ,  v".:V  • 


.v<£, ••  ••»%!* />£'•?,  ■£* * '.•’.r.  v*i  .  1  ■  '  ;*•  .  •f.' 


K 


From  ( IS  )  and  ( 3)  * , 


G„  *  —  — C  _C  _._C  .  „■■ 

16  .  .  0  39  47 - 


5>em. 


T  ;®9  *rUCGC-35?39C47 


TPromk 


cis;  *  a,co°34 

'C33C39C47 

apd  (?)  *  * 

:°ii*  co°m  1 

'35C39C4'11 

(8)',Vv:-  /f  .;f.vtA' . 

T  C0Q 34*  ^3 5 ° 3 9e 41,  ^,47^49^ •  ’ 

.  ..."  ■■■ 

'■;:  'V  ■  "}&;  ■  :  ^lo'  ^  v^49^  C0C3eC33e  55°  3Q1  W 

From  isl*  aiSd  19)*  *  •',  ^i'wv  § 


jToai  (53*  ,(9)S‘  s\.  t  ;  ■  .  :'V  ' 

,,  ,_  ,  as«.(V5S)c^g^  .;  / 

J^*03B -  ta)*  9  -and  ..(5)  t  *  we  attain  the  follbr^n 

relation  rin^GdTjtnling.  a oeff i c i ent a  only,  ' ;'v ..-  St 

■  *  >■  ;.;y.;v  -•■.■■:  i.-W  *’■•<,  :.  -  .  '■-■■’• 

’  -  ®S4Cg5e40^  *'  G26°27 e4Ie49  ’  '  V '  •- 

wMoft  ldr-<  S&v4':&)  •••■ ---  •  . 

•  •  •*-'.• .  ’•'••'  £  •  •  ;W.-  ••••  *••  ■;'•••  :•».■•../.  ./*: .'  ,4.\"K.’ '•.'>••*  ■•.  •  .-.  .  ov#®^ 

•.  *  -'.•  •  ■•,  *:•'  r*  ..-'••v  vcv...-  /'.■*  **:%>;  •••••.■  •.•<••;; .  '  • 

■  y;  -x  ■  ■.,  :  ,..(V  V. :  .  -M 

■(-25:^40^47'  .^  27  41  49  "  '  1  ft 

This  relation  may  be  used  to  elliHiriat'e  c4q  in  -relatlopts 
•which  contain  it*.,  %n  particular  ji 

■and  { 11  ■.  obtain  rospe ctiTely  uf ln^  also  (S  it)  ^ 

e33C?39G40‘-'  :  V  :  \ 

:'jOr'  °2$  C40  °4*7  y  | 

Srom  (-Vf-j'fllit  *:' '  (S  lf  -v  and  :  (8  ili  J',  we  .  obtain  -  the  qlahdra 
■relat  i-ontlpr  on  whien.  latter  my  "be, .  chosen  as  ;p-ohlt/i^e, 

\  .;  ^ 5--  ';  ..  v. 

•■  ■  'iv  ■'■•  .<*’•(?  ■■-•'/'"  11  1  '■'  '■■.■"'■I.— —  II— y>r  i>  .  ••  -i' '■'■•  r:' ; 

•:  -  v4/c.  «  32  Te„:c^G^G;,vet.Ac .  !:  . . .  -  - 


iVom  (6),  (8)«,  (15)*,  and  (S  i), 


ce  * 


IVom  (l) ,  (6)’  ,  ( 


■mg* * ' 


3aJ<!25  <>29c32  °33  °34  °35°41 
and 


'  -lA-l  -1  •, 

'  19  25  g32  33  35::,.;v 


re  shall  retain  cR  aa 
(15) 


Then  ::'- 


Sroai:^(2)i  (I7}*y  and  (18)%;. we  have,  -  .  ;  :•;•«' . 

'X%,v;>'V  'MX  :%% >r  '  '-•  .1  -i  •■■■." 

y.  .  c  ".  3  c  c  c  c  e  c  c  c  c 

’  &  19  20  .21  25  32'  33 '  35  45. 


>  w'liave  f  or  l/e  .  .s 

of  c.  ..  ,  -M> ...  MX'  '•  •  **  1  % 

8  O’-  '■■}■'"■■' rh'\--  ■»  ..;  ,  .  .' '  '  MX  .  ■%■  ■• 

•.  e  c  ,  c  e  e  -  o  ^  o  c  p;  c 
:M  MMv  11/  '  8  19  20  21  22  '23  24  32  33  35  40  45  47  ' 

using  (3$),(3) %  and  ^  : 

32c  e  '  0  ~1  e  €  e  c  “*V  c  c  '. ' 
c  ,  ’  .:  48  .  0;  25  29  32  33  34  35  39  41 ;  47;  /.--MX , 

Ala  O'  .from  ;^17) ,  (8)*  *  and  (l)* ,  :.’•  '  ■■'/■•  "  vM  : 

j,“>v  '.../MU  •  s -32c  c  ■  ■■  c  o~l  c  c  e  ^  0  '  ‘  ‘T  (es)1' 

:  .  0  32  23  34  35  39  41  47  -, 

Eliraijiatiing  "‘be'tween '  (2l)*  and  (22.) f we obtain  \M%%yM 

~  ■■■■  •’  ;*//%  (2  3) »  ' 


V  .  g  ,  g  ••  /-  • 

e  ■'  $  c  -  &  \  **e  .  .  e 

X  25  34  41  50  '  X  29  35  48 


Turn i-ng  finally  to  the  gear  coupling  ■ 
the  handeranks ,  we  have  • 

'  XXMxM  '<:''■■>■  i  :•  '■'■■■"  -1  -  '•■'  - 

•.  c*  C'  ‘  *  e  C  '  •  CrvC.  C 


leading;  from 
Trespeetivelyl.y 

(24)' 

giX  (25)* 

.'V  :.:-('26)-V 


t '  "'4:,  1  -42.  -.0  34  35  39  47  .  -  ;  ' 

'  1  c*  o,  a  (l/32) c  c  c  .  V:  .  " i 

X.  •'  r  •/  ■  cf'q'"  •  :'3--e  ‘O'  -•'  v  LXXn-'  '•  4  '■■■  ■ 

.  -  •  '  ..f  •  3  46  /  8  /V  .  .  \.  :  l-'"''. 

..; -H'.X  .  For  -eonveniehee"  in  'future  'reference ,  theXpneeeding  '■ 
results-  are v  given  as'  fellows'  in  sequences 


je?„  c 
29  3o  48 


(23) 


y* 


(23)’ 


<25  G  34  C41  C  50 


To  this  list  we  my  append  for  the  recorder  ratios 


'■  rxv 

C  54 

.  - 

°55  ■ 

‘  .V# . 

"YI 

C56 

Tor  the 

crank  gear  coupling  coefficients,  we  have 

(24)  • 

°i  %  z 

n  «  t1  f>  P 

0  24  35  39  47 

(25)  r 

G2%  = 

U/S3)C52  b'3C43 

(26)* 

-  C3e46“ 

PB°45  ' 

B*  inequalities  for  Conversion  and  Coupling  Coefficients* 

. 'I'1  |«  II  ■  I  "■  l  III  fll  ••  urn*"*—  * 1  1  ■  ^  ^  ™  .  I|  ***  MMii ' '  »w  ■  i  m  '  w‘‘i‘i‘i‘»ui'i'«*i»«-«w— i^^^iitigwfl—WiiwiiOoiiiWi  I  I  "**  >— »  ^  ■  ^,..1.  DtoyiMilwrwMM* *  Wig  «• 


/  1. ,  Travel  Limits. 

•  '  y  :..The'  travel  limits  for  the  separate  submac hides  were 
raenti oned  iri  the  description  of  the  Differential  Analyzer.  Some 
additional ;•  comments  are  colled  for  in  this  connection  due  to 
the  form  and  fuse  of  the  canonical  -agnations. 

The  .following  ballistic  functions  -have  ordinarily 
for  their  maximum  values  on  any  one  trajectory  the  initial 
values,  and  in  any  case  (allowing  a  little  margin)  the 
initial  values  may  be  used  as  satisfactory  approxtraat ions 
to  the  maximum  values.  This  holds  even  in  the  case  of 
U  z  V/A, 'despite  the  decrease  of  A  with  altitude.  . 


V:X*}  Kh,  V,  Xf,  T'f  W%  A,  H,  Y»  ,  X’ 


s 


The  respective  initial,  values  may  be  designated  as  follows, 
since  in  particular  XI  and  X*  have  the  same  initial -.value,  and 
also  Y*  and  T*  have. the  same  initial  value. 


X* 

.0 


H 


V  °< 


w* 

o 


A„  ,  H, 


o 


n< 


Xo  * 


nay  use 


as  the  greater  of  H  and 

>r  '//.vt/lv'  .0  • 


V  /A.rt 

O'  0 


for  U. 


for  lower  ]50und& -'on  the  values  of  the  variables  given 
above,  we  may  u.se  with  a  margin  of  safety  the  value  zero  in 
each  case  save  for  Y|  and' Yf  for  both  of  which  the  negative 
value  v’-Yp  ‘may  W'-uaed..  ..i/i/v .  ;  ;':/  .'/•..  "■;./''//.;•• 

foregoing  it  is  convenient  to 
uae  a  ’spec ial-.no tatibh  .B^ivfor  the  positive  interval  between 
minimum  and  valuers  of  B(u)  for  the  template  considered. 

This  in  terrain ,  will  depend  upon  the  type  of  projectile 
used  but  not  ppon-.th'e  /ballistic  coefficient,  muzzle  velocity, 
or  angle  -of .  de^ptup^pf  the  particular  trajectory,  , 


A  given  template; jhbS;  for  its'  maximum  abscissa  a 
determinate  value  of  tf*  „  If  larger  values  of  U  are  needed  on 
some  trajectory*.  'A  new  template  is  called  for.  This  maximum  . 
value  of  U,:;fp:r..|IShich:  the  given,  template,  giving  B(u) ,  can  be/' 
used  may  be;  designated  by  hg*  It  may  of  course  happen  that  . 
a  given  trajectory  does  not  use  .the  full  range,  of  the  template, 
so  that  b^rjmy  exceed  *  .  If  however  a  group  of , trajectories 
have  throughout  a  common  muzzle  velocity,  V  ,  such  that  V  /A 
is  very  much,  less  than  the  of  the  given  template,  a  new 
temnlate  may , be  used. displaying  the  same  functional  relat  ionship 
h(U)  ,  but  with  greatly  reduced  numerical  range  for  IT  and  hence 
with  greatly  increased  scale  and  correspondingly  improved 
.  accuracy^ '/-p.  .  -./tf  •••••.  .  . /j-.«> "  V; 


In  somewhat  similar  manner,  one  may  remark  that 
■ordinarily  in  the  computation  of  trajectories,  the  work  is 
not  confined  to  a  single  . traject ory ,  but  rather  to  a  set’  of  ■ 
trajectories' alilce  save  for  such  differences  as  follow  1 
from  changing/,  th®. 'Lfr#tj$4fls>£t  ure  .  f jrm  qne  traj  e  ct  ory' 

.  distributed  frpii' nearly  0°  to  nearly  9GO,  the  maximum  value, 
say  used  for  X’- and  w'*  on  the  set  of  trajectories  is 
likely  'fcpbe'  approximately  and  similarly  the  maximum 
value  f  say  Y*>;  of  Y*  is  also  likely  to  be  approximately.  VQ,  ... 
even  /though  and1-,,  yi,  cannot  both  be  ueed  on  any  single 

trajectory,  .  /"■'/.•.•  b  \  .  /•  • 


..exprefased  .-in/re  volutions,  of  -the"- lead  screw  is  free  to /range 
frhta  approximately  ^,40. to  +40,..  The  discussion  for  the  first 
integrator  unit,  giving  S-  s  / V-  dT  may  serve  to  illustrate  the 
method  ibr  the 'others.  The  maximum  value  of  IT  is  V  •  Ifow,  by 


definition  of  conversion  coefficient,  one  complete  turn  of  the 
primary  shaft 'bf  V  yields  an  increment  of  Cn  units 'in  V,  and- 
also  one  complete  turn  of  the  secondary  shaft  carrying  V,  (\vhi eh 
shaft  la  gear  coupled  to  its  primary  shaft  by  a  gear  coupling 
Kith  coupling  coefficient  c-jq}  it  yields  Oge-,  g  units ;al.ge brai c 
increment,  in  Y,  "':  Hence  ; 40  tarns  yields  40  J  CgC^gl  unite  increase 
In  V,  so  that  one  has  -  ;  •  /  ...  ;  ' 


40  |  c9°i9j '  '■%  j  :v  :  ^  * 

In  a  similar ’ manner  for  the  other  integrator  units, one  pbtains, 

.40  |c15e2j>.Hffl  -  '  ■  yf'-V;  , 

40  icxlc^% 

40  \*l**2&% 


40  !  C1 3C2?i^"m 
40  ^  °17c29^Xm 
.  40  )cl6c31^;Ym 
40  lc8C33l*\ 


•There  are  Similar  "inequalities  derivable . i^roji’- the 
limitations- on  travel  for  the  .tables,  as  follows. 

for  the  Vector  Table,  giving  V  *  *Vw *  ^  ,  '<?*  is 

allowed  to  vary  over’ positive .values  up  to  about  1*  *  The  Table 
seemingly,  offers- for.  positive  values  measured  from,  its  center, 
240.  turns' of  the  abscissa  lead  screw;  -However,  th§;;yad..i&l  .bar 
carrying-  V  on  the  fade  of  the.  table  is  adapted  to  only  a  slight 
margin  over --a  travel  in  V  of  180  =  turns  of  its  lead  screw* 

Since  bo  th  ¥♦  and  T* '  remain  in  absolute  value  essentially 
not  greater .ifehan-. Wf  we  have- as  practical  limits,  Y  #  ‘  a 

IyH  <  Vm,  Y"<  V^.  These  lead  respectively  to  the  inequalities 


18.0 


e  q 
13  34 


>  Y 


m 


160 1  vrJ  *  vm 

180  |  c  j  >  V 
S1  ,  m 


for  the  Division  Table  giving  U  s  V/A,  the . extreme 
bound  is  imposed  -by  the  initial  conditions.  At  the  start  A  ie 
evaluated  for 'the  gr pup  and  has  the  known  constant »-.yalue  A  . 


Here  V  is 'bounded  by  V_*.  To  nra  ka  the  most  use  of  the 
range  provided  by  the  Table ,  the  initial  setting  should  be 
for  the  radial  bar-,  which  carries  the  follower  marking  tJ  .on. 
the  face  of,  the  Table  "to  be'  in  approximately  a.  45°  position*-; 
Then  Aq  is. out  at  160  turns  of  its  lead  screw ,  and  Vm  at 
180  turns  of  its  lead  screw.  In  this  angular  position  the, 
follower  for  the  quotient,  U,  has  its  displacement  fixed. 

The  output  of  the' machine  is.  provided  by ‘a  heavy  lead  screw 
placed  parallel  to  the  abscissa  lead  screw-  and  with  a  ten 
turn. per  .inch  pitch.  The  nut  carries  a- sleeve  in  which  - 
slides  a  bar  ;set  rigidly  at  right  angles  to  the  radial  bar 
in  the.,  fade  of  .the  , table.  -  In  extreme  position,  it  is  also 
a  little  more-  than 'nine  inches  from  the  canter  on  this  lead 
screw,,. and  due  to  a  4  to  1  gdar  reduction  built  into  the 
table.,  reedrds  the. value,  of  360  turns  for  the  output  shaft. 
Hence  for  the  Division  Table  'we  have  (save'  for  a 'little 
margin)  the  following,  •'  . 


,  180  1 

^  °14C36^ 

|> 

A  , 
o* 

-  /  /  160 

1  Vw  1 

> 

v. 

) 

'v  36.0 

-/  "  '  .  sj'.  '  .  1  V  /y  •- 

Koi 

> 

V  /A 

B1  i 

The  exact  value  of  six  significant',  places  is  10.5274* 

However  due  to  the  available  margin,  we  may  use  21/2  in 
place  "of  A0 ;f or''  the  "pjpf¥pose  of  these,  inequalities. ,v In  .place' 
of  the  first, inequality  stated  above,  we '-■write' -an  equation 

150  I  C14C.5(5^=  21/'2.  ■  1  ' 

and  iii  place-  of  the  third,  wa  writ©  the  slightly  strong^- 
inequality  •/  :  ■  ,  /  /.  .  '  ;  •  -  •  ■"  V 

•  •  •  360  I  c10|  >  2  Vm/21  v  ..  ■■•  _  : 

Hence  we  write/:  ■-  ..  '  '■  •■■■'.-  '  ;  ; 

■  I'n'asl  *  ViaoW'  VW.-V ;  as)'- 

•'  X.  ‘  J  Vs/ h;  -;  V180  ■  ;v;  :(iar 

;  v-./b|>ioi  -  ■  ;•  w 

•  The :  Template  Table  .  giving  directly  B  (U 5  as  a  ' 

function  of/#/, 'and  through  calibration  giving;  b(UJ  «  Sa(Uj  *f 
where,  fwi-xe  ’'ah'  empirical  conpt.ant  on  any  given  trajectory, 
involves hH-n.  contrast  to  the  other-' tables)  only  two  lead  •  ' 


serewg.,  :ths>  absei ssa  -asC/lnput.,  tfre  ordinate  as  output.  .. 

screw  on,  this  t.  a  ble  mis-  ®.  ■  'total  travel  of 

fros  4  -to  U„0  The  • 

djs|Lijiate  lead,  screw  has  a  total  traval'of  ,3:60;:tui'iiH:s  'QOrra** 
spending  teKt&e  total  interval .  Of;  -B^U,  .  HowU  “  V/&  is  ; 
ac t pally  ■/&  maximum  a t ;  the  Heuoe  for  the  •  Template 

fahXev  instead  of  using  tife  direct  delation  480 1  G-.-AQ%a |  >  tW 

H&jt  '7)C.  >:•#*  'tit-  ■/*%.'  _  a _ 4.'  a  <u_  l-Ji  -tTn 


fig|Ss?sst  •  k  V1 


Substituting  t/ha  ."previously  .'obtained  values  -for" 
conversion  .cpeEfcleiehtBiev  ;  to-'Cy.  *  obtained ,  in  Seotidn.  l, 
we  obtain  the.  following  from  { 17-  to.  -(16)  V  respect 


.f  '.  './••;.:  . 

1  >  .  ■  '  -  •  ‘ 

'■■'-■  /■•  •.-.,..  .  . ...;.  "  -  '  ; 

.V? 

.  ' ;';.: 

’.'.'i  Ftotq  ’  •.,  " 

.'•  *  -  ”  'v  1  '  .  ,  . 

"list. 
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r 
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A 
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- °47; lv  2  . . 

(7 )  *  '  ,  ’  Duplicate  ofr  (4) ;  since  q,  »  e  * 

•’-..••  •.- •'•'*  :4“ '  4>y  v "  •  *  •'  . v-2.5;.:  31 

*  *  sicJ  *  1 «.  4  ^ 


45  47  1  ?':  ” 


1  ($)  1 


(10 )  *  r  , '  flVl^7Jli cates  i  9  ^ 
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,:  (9) 


cii) 


l:;> 


1285  /  45 


IfUl 


'thJmalhy'&E 


ost  for  -the  .  cs$|9ge  e.t  1  ons  wit  hi 

either*.  ffrrriiy  1  oc  ice d  internally  a 
tamatfc  ■  fold fewer  with,  -fresh  •  power 

k[  lash, '  Tri ct  i on  and  toad  - ari ae ,  out  rou 
spe a^ingv*).! r -  a .-*  submachine. ' (o ther  ‘than,  an  f'integrator" .unit 
operate^..". at.  .all-  under; a  given  load,  it  operates  satlsfactdril; 
In  the  eadfer.  of  an  Integrate'?*'  unit  f  ...however ,  '  where  .  furthermore 
the-*  output  ;.;pas;s-e s -ithrou gh  a-  torque .'  amplifier,  t h#re  is  always’ 
the  possibility  ,  of  'slippage  'he tween  wheel  and  disc-  of  the 
integrator  'but-  even  more  '.he tween  hand  and  drum  of  the  torque 
amplifier*  This  slippage  is .  ofteri  spasmodic  and  some  times, 

undetected..  ■  ->■  :4  '{VTi-- .  ■  / 

.v:'t.^-;Thef.  torque  .  amplifier with  it.»  own  motor  drive  :  -, 
provides  force  ii  also  torque,  energy,  and  power*-  In-order'  to' 
keep,  the  dioonssion  clear  it  la  well  for  the  reader  to  ^ 
refresh  his  memory  upon  th*  distinctions  ' among ••  thebe  •  teims  ' 
$ra|»'}#drd •  .*,£  0r®$»  is  adequately  understood*  .•  V.-., 
,'the'  reader  :ehou Id  recall  thatf  torque  is  a  moment,  '  The  I '-  ,  - 
torqhe v- of  a  shaft  19  the  product  of  the  tangential  force 
by  the  radial  -distance,.:..:  Thelntrodueti  on  ;of  a  gear  coupling 
changes  the  torque  transmitted,  The  output  bus  shaft  of 
a  gear  houplihg  on :,the  Biff erential  Analyser  has  the  same 
radiusyaS "  thh ’.input  bus  shaft  but  may  provide  a  greater 
•  ( t e? ly  q  t vC&  so- geared  as  to  turn" less 
rapidly  fhAn  '.the -  input  shaft ♦ .  The  '  energy ,  •  however,  save  for 
loss  ;‘biy ■friction,  remains  constant  on  passing,  through  a  •  ;  • 
;g®ar  coupling*;  The  energy  of  a  steadily  rotating  bun  abaft 
4|g;nbhi.d^'-:. inertia )  ip:  proportional  to  the  product-  of~'iheV-  . 

r  torque  by  the  angular  distance  through,  which 
,ihis;  (constant),  torque ra-ois*  fWhan:  a  gear  coupling  -increases 

;.t|ae  ’  torque >::'ht-'1-i'S:';'fttyth#  coat;  of  .reducing  the  relative-.'-’ . S’’ '' 

.speed  of  ?  rotdt-i&h;-jqrfenortio!Q.,ately  thus  -keening  constants •  "'V. 
.the  energy  {  save  '  •for'  -loss.  through  frict  ion}  .  Th®  power  "  --c 
'steadily  -rb tatl^gv  .shaft.,. i s  .ftp  rate  of  suppling,  energy, 
l&p-ljfto’re  faai ll&rly  doing  work*,  ;  One  could ,  if  desired,  l- 
,th:|nhfe of -;pdw©f-y rather . than' energy--  -Wing  transmitted  through-,," 
the  bus  shafts  'and  sme  : would 'carry  out  all  computations'  f- 
in.iiefm4*ypf-' power.' The.  poweri  supplied.;  wgu id  depend  upon:.  • 
the''  speed' 'o.'f,.ithfe-  paf'|to©;-:ra<l;tpr  at.  given,  .-torque.  Since  the 
Tenotl on ing -•'fe'fb-ihe '.  differential  Analyser  involve s  e ssentially 
pn,l^;rblative:';:r‘dth^y^dh:ahso^M-  speeds,  it  seems-”  be 
to  orftit  reference  th  .coiapar.iBQhs  of  power  as  such.  If  such 
com^ri‘adh¥;:'^^:-&5^e^:tt9j§'  -;s$^e<|%f  ;the  prime  motor  -would 
Cancel .  j6.bt':-'''Xdavi- ng’  only  rdiailfens  among  energies  and., torques, 

'  ,  -;JCn  computing  loads  we  ignore  the  speeds  of  rotation 


'and  consider  essentially  only  tangential  forces,  or  more 
conveniently  since  ks  shafts  are  concerned,  only  torques.  . 

IMs  ■  is  appropriate  for  frictional1  loads  under  steady  %  f  \ 
rotat ion.  A. ; submachine  element  "being  driven  by  an  integrator 
output  shaft  ,  consumes  to  tain  tain  its  ..operation  a  certain-, 
torque  rather  than  a  certaitr- quantity  of  energy.  By  sufficient 
reduction of  relative  .'speeda,  any  given  set  of  autos, chines 
can  he  operated  by  a  single  integrator  unit  through  its 
".torque  amplifier.  ,  .  /•  '  ... ,  / ;.i •  /.->/  /,-  /  *'  ,.y~  -A/,/ 

It  ie©Bs  to  assures  that  in  ordinary  .practice 

the  loads  placed  tip on  ’motor,  driven  elements  other  thst-n  the 
torque  amplifier  hptr&fing  integrator  output  never  exceeds 
the  torque  provided,  since  when  no  further  precautions  on  ;-  •{ 
load  are  adopted,  there  is- no  stoppage  of  bus  shafts*/  .:.f  , 

,  "8cm  the  load  .borrie.  by  a  machine'  eleae-nt  ordinarily;’'-  ' 
is  carf  iei ' nO’-f urther The  tachine  element,  either  is  a  -V 
natural  terminus  as  in  the  Case  of  a  printer  unit,  or,  else  - 
the  epbraa  chine  .of  which  it  is  an  input  element  supplies  - 

fresh  power/: to  its  output.  The  adders,  however,  constitute 
,k  notable  except  ion  to  this  general  remark.  Any  ld*dt  ;/■/ 
carried  by- the  output  element  of  an  adder  is  also  carried^ 
by  one  or  the  -  other  or  both  of  the  input  elements  of  this  ;• 
adder,  as '&/ simple ,  although  crude  method  of  obtaining 
an  s-stima-t a  of .  t.ha  total  load  borne  by  a  given- integrator 
.,  Output  shaft,  we  ado.pt  the  pi'ocedure  of  computing  any  loads 
carried  -by  an  -adder  which  is  goar- connected  to  a  given 
integrator  output  shaft-,  as  though  the  second  input  of 
this  adder  remains  stationary*"-  save  for  one  exceptional 
type, of  case  which  w w  now  note.  In  the  case  only  of  the 
adders . yielding-  earth  rotation  effects,  1’  *-  Y’  +A  X,  and 
X*  fr  X*  -Af,  due  to  the  smallness  of  the  correction  terms, 

-AX,  and  -AY  respectively,  ,  the  load  on  the  shafts  bearing 
these  correction  variables,  is  .reckoned- aa  not  including  any 
further’ loatl.s  carried:  by  the  outputs,  Yf  and  X’/ respectively. 

.by,.."  4,  Tho  bipt  of  Loaded  £ear  Couplings  for  /the  ■ 
Separate  ■IhFCTrabdr,'’^tpti't . Bfmf t s . 

There  are  eight  integrator  unite  which  have  been 
assigned  the" -numbers  1  to  .8i  '  These- same  numbers  are  also" 
assigned  to  the  respective  output  shafts.  j§a,ch  of  these  -,-’/ 
shafts  lead  to  at  least  one  input  machib©  element  through 
a  gear.;  coupling-.  The  input  machine  element  .and  the 
coupling  through  which  it  is  driven  have; been  assigned  a 
coraman /number.  We  shall  presently  list,  these  numbers.  '  /  ■ 

To  simplify  the  problem  of  tracing  the  load 


ried  sy,-.a  given  integrator  ouopuc,.  we  &t±®xi  unaer score 
each  ease  the  number,. of  any  adder  Wti 
ther-  loads  contributing.  to  the  total 
output.  .  $hiV  further  load  will ,  1)0  indicated  by  placing  #n 
p&rentbese3'the  numbers  -hf  ...$*&&;  input  machine  element  a  as 
driven  through  the  adder  conc&pned*  -  If  among  -these  occurs  ..  \ 
another  adder  with  further  transmitted  •  load »  thh‘  number  ,  of  this 
second  adder  will  be' under scored  in  the  parentheses  and  will 
contribute  a  subparenthetie&l  sequence, .of  numbers • .  ;..  •. 


■j;.;;.5hr:3%j^#.ibnce  in  .computing;  the  load®  %  we  shall'  '-v-« .  ■ 
classify  by.  type,  the  separate  loads  concerned-  is > each  case  ; ■ 
and  indicate  their  total,  number.  The  types  will  be'  as  ■  • 

follows*  ,ii)\  differential  Input  to  an  integrater;'ijniCt>.p'; v;,y- 
( 11}:.  Intd^dhdV'laput  td  an- '.Integrator  unit  t  :Xhput • 

to  a  table,-.  Civ}  Input  to  .an  adder ,  (v}  Input  to  'a  .printer,  v 

V";  '$%©-ye  ■^nlightening  to  tracai'.throdgh.  and'  of  '  1  •_ 

the  .'mare-X^^  easier  *  cases  :  th^hhoddtri.ed' 

through  in  Alhe  manner, 'hy  t hi  reader •  ... {We  select  for'  .'  1  :v.\.’ " 


hr-  Unit  ■  #§«  .Xbmis:  yield^tytith  yirb 
o-  dB*?-.JjOhiy  a  geah:‘;i-' 

fly  ;t o  the  output  shaft  :-^T.  ■  £*-,.  v; ; 
h ogives  Xf  a  ;X!  -  Ay.  ,The.  entire 


through  ih'  lihp..  manner 
i  I  lu  s  t  bail;  on  jl-  tho 
eroper ,  calibrati  & 


namely  s  the 


at  -  the '  s 


j*f 


reason 


y 

f 

#41  gives. ,:hn 
hence  the :,vl.' 
load  for.  X|. 
■element  s  -for 
uncompleted;'; 


the  into# 
incidents 


xe 

aa-s 

to  a 

r-«  vs 

*3 

r;2 

comple 

te  ;i 

oss 

reads 

as  f 

Olio 

X'  t  29,.  41,..- 
ntogrator  tfnl £ 
gives  the  Prl 
for.  load,'  In 
Id  tag  W*'&  X*  taw? 
counted  as  par 
r  d ie.eu seed 'for  t he' loped 
56 }) ,  where  the  y. 
he ses  m arte  the.  Xoa d w for 
for  W’  haf^att 
fen-V  Of  these '  # 

,  yielding  XI > 

n  with  which  we;,  s tar t e d-,s  ;  SlMlarl 
Tabid  #lf  the  Vector  Table,  ...givijg 
these  are  terminal  as  tprload.  Ou 
r  the  output  of  Integrator  Unit.  #5 
6  (27,  54 )}* 


This  list  comiists  of '6  loads,  comprising  2 
.2  adder  inputs,  and  1  printer,  ' 

'•  -v.;  The-  complete  list  is  ast  follows:. 


integrand  Input a,  1  talle  input, 


Int e^rator.-^; .  JJquat.i on- 

:  s  at 

:  tpm’  J  rsf  H  43 

;  V  :  B  s  /  3  dJ 

-  "*  .  *  Y  "■■ ,  ■Vll 


1 

2 

3 
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5 

6 
7 
6 


y*  an 


t '  s  / 

P,  ■  r  «.  •  „  'a 

-- 

....  X  *  fx*  df 

■  -v» 


Y  =  Ar*  IT . 
H. 


*  dR 


a 


s  H0  -/Ha  « 


Gear 

Coupling:  fs 
also"  . 
Machine, '.•/ 
Element '  jfs 


20  ■  :  f  Jd 

2S 

24 }  26  .  *  1  .  ■ . 

40(47(25,31, 35,  55} }, 
49 ( 2 9, 4i, 56 (27, 34) ) 
4fi,52 

32, -43, 50, 53,  (36) 
33,45,(21] 
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; 

J#. 
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.  ©  3 

H 

<D 
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©1  01  ■ 

4*  & 
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■ 

'  W 

»H  » 

SJ.K 
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pH 

n  m 

W  hi 
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<  ■ 

P* 

1 

1‘ 
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2  1 

’2  '  1 


1' 


2  1 
2  1 
1  1 
2  1 


Total 

1 

1 
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,  ■  5.  C7,uan titat ive  Principles,  for  Load  Limits. 

Let  T represent  the  (approximately  constant) 
torque  of  a  -single  ..torque  amplifier  .output  in  operation*.  .  If 
a  gear; 'cOuplingvw||L,  coupling' coefficient  e -be  introduced, 
then  on  passing  through,'.  the  gear  coupling,  this  angular  speed 
is  divided  by  c.  Soma  torque  is  consumed  in' friction  in  the.  - - 
gear  coupling,1  hut  the  torque  delivered  Is  approximately  e  . 
times  the  initial ,t or qu e .  The  energy  remains  unchanged  save 
for  loss  by  friction  in  the  gear  coupling. 

Experiments  with  the,  saf&  loads  upon  the  torqua 
amplified '  Output  of  -an  integrator  unit  have  led  to  the 
formulation  of  the  following  principles?; 

-  (l)  The  torque  required  to  operate  the  differential 

■input  of  .‘an,,  integrator  unit  (and  its,  inter-posed  gear  couplings) 
is  approximately  equal  to  T/3.  -  ,, 

.  ’  (2);  The  torque  required  •  to  operate  the  integrand  " 

input'  of  integrator  unit  (and  its  interposed  gear,  couplings) 
i a/ approximately  equal  to  T  •  ' 

--.Vi. -'•■-■■  v3J>.'  ;T:hd  barque  'required  to  "operate  one  input  to  a 
.  ta ole  ;  (and- Its  inierposed  gear  couplings)  is  approximately 

feudal  t .p. •  .v  ■■  :  •  _ 

.  ;'(4 )  The  torque  required,  to  operate  one  input  to  an 
adder  {and  its  interposed  gear  couplings)  is  approximately 
equal,  to  <T/5... .  1  -  h- \'b- ■ 

'"'"■V-  u  (•§')  In.  order  to  avoid  unnecessary  feeding  bach  of  . 

vibrations  experience  seems  ..to  suggest  that  the  gear,  coupling 
from  art  - putput  of  an  integral; or  unit  to  the  differential 
input  of 'an- integrator' unit  should  yield  a  reduction-  of  . 
relative  fpeed  to  at  .mop t  4/5  of  the  output  speed. 

.  (6 )  In'  order  ta  avoid  .unnecessary  vibration  in  an 

adder ,  ityif  regarded  as  desirable  that  no  dhaft  leading 'into 
an  adder  rotate#-  at.  ^qre/'-tban.  half  the  speed  of  an  integrator 
output'"aMft  driving- coupling.  .  ,.f  •'  ; 

As  practical  procedure,  if  an  integrator 
ou tout  eliaf t-;  drives  ..seyeraT  loads, ■".•n  in  number,  then  -one 
part  in  m Of .tho  total. energy  output  Is  allotted  to  each  load 
in  c ompu ting  ioad";?Li:mits.  -  The  load  due-  to  a  printer  is  counted 
in  ..determining^;ihis';n,  'although  the  restrict  ions  on  energy 
ar  i t irigt f rom  a  printer  alone .  are  found  to  be  sore  than  covered 
by  .-.the  ot^r  principle,  a.  Furthermore  the  torque  transmitted 


an  add€r';rncti.:gear;';couplin-g',.froeff‘ ictehlfdpsh- than  unity;  ahon Id  .  • 

."be  used.  lead ing  ;ippne4l8-t $ly  int  o  an  adder  if  the.  output  of  this 
■adder’  -is  to  he  ge^e d;; l^iasd: iat e ly  wi th  a  ge ar  c.6|anling  ,  ^  .  ■ 

coefflcio'n;t'  'b^r^es^M'ingl,y 'gpeaifen  than  unity hi,: " ;-: 


; .•:/' ,  !-  •' :  Xet-  us  -Illustrate  •  th-#.  method'  -of  •obtaining,'-  '" ' 

Inequalitlfta  dye  to  .load  : limits  'by  resuming  the.  treat&ant 
of  the  lohd  s  upon.' the :  output  of  /.Integrator  Unit  '#5  „  whlfh^t 
gives  XL  «  X*  dR:*  As  ve  have  seen  the  load  numbers;1*' 

.for'  Ms.! T^Lat»lie'.t''’yX| , .-•-.are  4g(S9 ,41*56(27* 34)  )  and  c.o.J3Si;&'t'; 
of  six  loads,  namely  2  integrand  Inpats,  1  table  inputs  .,|4 
2  adder  inputs,  1  printer  input*.  One  sixth ;of  the  original 
output  ,'e.mrgy  froim  int'fegratof  ^nitr- #5,  ;  is  to  be  allot  tad;, f.’ 
directly -'to-  aaek'of  these  -loads,  in  adnordanee  with,  ,•  f  % 
Pri rici pie  ■  §f  7 *  ;•;  The  rdspec  t i ve.  t or que  a  supplied-  are  then  as 
fellows,  yaseu^tin^  that  in  the  case  of  each  adder  considered 
the  0 th.Qrbi«ishi--'-me,y  be.;;  *a»  though  stationary,  .  ; 


Torque 


integrand. 
Winter . 


integrand 

thblJB-- 


vie  'conclude 


t 

■V  - 

Mi 

■  j, 

it/6)  :.i  r  ;■■• 

"f%4°41°49l  ‘V6)  •*  T/Z.  ■■ 

Elimtnating.T »  v.'e  haim  the '  following;  five  inequalities* 

"  -  ...  'y\,  s/s  ,  ylfA  '  -  "y 

.  ■■  ic29c4?l  ^  6  "-y  ,>/  ■ 

:V'l041G4gi;  “  6//S'.;.y-  ?l-£.  y.'-,' -V:'--,'  ’ 

lC27°41C49l  ^ 

,:3  -  :v  y  : 

■•.Following;  the  pattern  vdit. this  example ,  the  reader 
- :  my  Y.erifyteheh'  of  the  following  complete  list  obtained  by 

I  use  of  Principled.,  (l (3)  »  (4),  (?)  alone,  - 

*/'  Integrator  #1,,  •  • '•'•  :V-/v ,  '' 

:  ;/A.yA'  .  ; 

y  ■  yy.rf 'jfligoltv^vi/a  ;  'b' 

id*  . ■  . 

For  ' Integrator  $£,-:•  ;  '*  ", 

■ 

■  ■  t .. ;  •  x/3 ' 2' ->■*:/'■■■  '  :  ' 

U)1  1 

./• 

For  Integrator  #3 

<  .  * . 

' 

>:  ,  *<  •  ‘  r  / 

\  ;;  : .  h:;-y 

V  T7<  a  ,  -  r  4ms  -A*  vS  -V  »-  , — i  -vs  i  A  /I 

(3)*  (il } 

•,  ,*1^03!*  *1- IS  w ® Q,  v.O T*  ., 

■'  .;;•■■  J A  A  : ' 

(4)»  (1)  ■ 

«r 

!  c40c4*?f  ^  6//5  -  • .  a 

.  i  (4)»  Hi)  : 

■:;■■■■•/  ■  .1e25c40°47l  -  6  '  .  /,, .4, 

/  >  (4)  •  (iii)  :  ' 

lpJ'c3ic40c47l  •••  *  '  v’ v4  •  ..<  ■  !:  •'  -  - t 

-vj4)  ’  Uv) 

■■\:^Z^;S|C35e40C47^  3  '  V\  *;  ? '  *  ?  '  <4 

•:  ■  For  integrator  #5;,  as.  already  obtained 

■  (4),;*  •  (t) 

^  V- 

>  6A  ■.  A  ..A". 

( s) 

,  va'^  * 

■  ,  .’r  h  : 

I  c22c49l  -  8  v;  .  ■  ^ 5)  '  Oi) 

"  1C4j"l9  I  -  6/5  '  ■•’  ■■■'.;  ■"-'■■■  <»:■’  fili) 

-i'ie27°4ic«l  -  6  ;  "  •  1 


••  .  Por  Integrator  06  .  •  /  .  •  .  - 

Ivl  >  ■  /  b. //  .  .■'•■■  («)’ 

•For  Integrator  #7  _  ' 


h2l  1  6/? 

'  V  /  t  •  ■;  ,  '*  \ 

/■:  ( 7 ) 1  (i) 

"mtsel  1 ;i; 

1  ' ,  - 

W  (ii) 

.  ///,  &a!  'i- 

:  t?)-1  (iii) 

is;/  •  . 

■  .  (7)»  (iv) 

.//Por  'Integrator  #6 

y-\ ■  -  x-\,  -  , 

v^i&l  *  5 

. .  ..  -  :v':(a)i  ;(i) 

|  =  4S|  >  VfrS-t.: 

•  .  '  >  '  t 

(a)*  (ii) 

.  ,'■■ '  |C2X  C4sl  -  *'■'']  . 

(a)*  (iii) 

.  ..Applying  Pri neipie 

(5),  we  obtain  the 

following* 

:'  lesol  *  8/4  ■■ 

(9) ’  it) 

\%2\  >  >/“  '  ' 

(9)*  (ill 

J°24f  '  5/4 

(9)’  (iii) 

■  ■|c26|  ,2^5/4 

(9)’  (iv) 

IC3SI  >  5/4 

lA-  ;  -  , 

(9)'  (v) 

.Applying  Principle 

(6),  we  obtain 

KqI  -  2 

(10)’  (i) 

I=J  *  8,r;.t.' 

do}*  (ii) 

■  /  l°45  i  —  ■*'*'  ' 

(io)’  (iii) 

'  i  c4gl  >  2  ..  /O/  ;  '  /  -  '  '  ;  (lO)  1  (iv) 

'  -  "  |c4g(v>  2  <10}  *  (v) 

'  ;  '  ’ ;  ( ^50 1  >  2  :  /  9  ^  ,  (10)5  (vi) 

'■’ *  It  becomes  obvious  even  upon  pursory  inspection  that  thsa® 
inequalities  are  not  ail  independent.  ""TPor  example.  (l)f  states 
that  |  c^f  >  <••  1/3,  while  ( 9)  *  ( 1 )  states,  that  j  e^f  >  5/4*  •  ;  - 

A  revised  list  making  use  alafi  of  the  following 

relations,  previously  stated,  °18:=c2^5e30 *  c24rc26*  and  c25Cc31* 

is  as  follo-ss  arranged  .ip  order  nf  increasing  au  Doer ipt  in 

any  given  sublist .  v- !  v  ■- 

Prom  (9)  *•  (i)  and  (l)*  |fi^|  >  5/4  .  : 

Prom  (.9)  *  ( i i )  and  ( £ } 1  [  c  Q|  >  .5/4  .  ,V  ‘  (2} 

Prom  (?)’  ■(’iii)  and  (5)*  (i)  |  e0  |.  >  5/4  /  :  /■  '  .  (3/ 

Using  Crj^Ogg,  (9} 1  (iv)  and  (3)  ’  (ii).  yield  nothing  ;new* 9 


From  ( 9} ’  (v )  and  (?) f  ( i) 

ifss!  - 

5/3//'  l;'v  / 

-  <•;  •  X  «  ,  '  * 

(4) 

From  (6)1  (i)  \  / 

l°3sl  - 

3 

*  !  ’ 

(5) 

From  (10}*  (i)  and  (4)*  (i) 

ledol  ^ 

2 

<6 )  V 

By  Principle  8 

;  i=4ii  ^ 

1 

"  * 

(?) 

From  (10)’  (ii)  and  (7) *  (iii) 

lC4sl  - 

2 

v.:,- ,  /■ 

IB) 

Pram  (lo)*  (iii)  and.  (B)f  (ii) 

iC4!)l  - 

2 

■  '  i  •'  .../  ■■ .  ■ 

in  ■ 

By  Principle  8  ’  /- ; . 

1  °47  1  2 

1 

’ 1  •  .  •  ' 

(10) 

From  (lO)1  (iv)  and  (6)* 

2' 

( 1 1) 

From  (10)*  (v)  and ' (5) f  (i) 

2 

*  '  »: 

112} 

From  { 10 }  ^  (vi)  and  (7>*  (ii) 

f  C50l  U 

2 

(13) 

.  Ke^t  for  products  of 

two  coupling 

c-oefflcients 

1 1  . 

arranged  as  to  lower  subscript, 

Prom  (8) T  (iii) 

i  C21945l 

> 

3 

(14) 

From  (§Hiil 

'  lC29C49i 

> 

$ 

(15) 

From  {7)*  (iv)  :  1 C  •  p  }  y  5/2  (16) 

The  condition  (4)*  (ii)  follows  from  (d)  and  (10)*  The 
condition' (5)’  (iii'j  similarly  follows  from  (?)  and:  (12) •  - 


Hext  for  products  of  three  -coupling  coefficients- 


From  ( 4 } *  (iilj 
From  (5) 1  (iv) 


|c 


C  0  • 

25  40  47 


•3 


(17).  ’ 


1  27 


|  3  %?;X:  #>■. 


The  condition  (4)  *  (iv)'  follows  •'..ft*  can  (1?)  use' of '"the 
equation/. dog50  21*  •  ; 


■  IVtm  (5)»  (v)/,;,-  ^  -  US)  ' 

From  (4)*  (v)  ■  V/  I o5sc40c47'l  ~  ^  ;v  . 


'  *7 *  ,  -Sneed  Li  mi  ta :  of  F r imary  Bus  Shaft s , 

As  stated  previously? ‘the  actual  speed  at  which 
the  machine  -is-  run  does,  not  .affect-,  the  recorded  results:? 
if  one  observes  : a  few"  safeguards.,  -  In  'practice  the  prime'’,// 
motor -though  rated  at  1726  r.p*m.  actually  attains  nearly:;* 

•  2400  rip.ra*  whenever ,  it  is  driven  at,  full  speed  Chat  w|31.:' 
not  .run  at-  greater  speed  on  the  present ,  circuit //Several.' 
condit  ions  frerve  usually  to .keep  the -  speed  more  hear ly-'- at 
or  under  the  rated  vquLue*.  •  • ,  •'  ...  • 


.-  Let  us  list  explicitly  8 oiaet principles  concerning', 
speed-' limits.  '  '  v-  “  ;-  /  -  - /  ".V  ■  ”  , 

r  ( 1 )  / The  primary,  shaft  for  '  X  ,  shodl^hever  ;ro-t:ate; 
faster ‘than  8'Od-r.p.m*  (hcutomfically  assured'  at  •  present }•■// 

(2)  At  the  start: -pf  . a  trajectory  the  primary  , 
■shaft  for  T  should  not  rotate  faster  than  about  480  r.p.m. , 
due  to  the  number  of  integrands  then  at '  their  extreme  value. 


For 


the  proper  working  of  the  torque  stssplifier 
in  connect  ion-' -with  •Bh'vinte.gi?srt-pr  unit  output,?-  experience 
indicates  an-, upper  limit  QfAd(ltLr.p*m*  for.  the.  output-  shaft 
•of  any  integrator' unit*  / 


.  In  application  of  the  third  of  these  principles.’"', r 

an  tipper  bound  :of  800  r.p*m*  for  the  main  time  shaft,  might 
■be  made  the. .basis  of  computation  of  gear  couplings*  In-!- 
practice,  however?  the  operator  watches  the  tachometer^ 


attached  to  the  ?  and  X  shafts,  which  shafts  alone  /show.  critical, 
speeds  and;  verify  that  not -more  than  480  r.p.m,  16  registered. 
for  T  at  the  •  a  tart  of  the  trajectory  and.  600  r.p.m.  for  'X  %-'i: 
at  any  time/ :  In  case  of  either  bound  being  .surpassed,,  the 
epaecl  :of  the  entire  machine  would  be  slowed  down  by  -the  hand  'l;:r 
control  until  valuea  below-.- the  allowable  limits'" are  reaphed*-^-.; ;  ? 

in  making  the  eoftputat ions  various  approximat-hY/hY 
estimates .are  adopted.  One  may  note  that  t or  an  integrator1 
unit- --the  ‘maximum  value  ,  of  the  integrand  is  apjrokim^fEly  for 
forty  turns'' 'of.  the  integrand  lead  screw*  for  the  integrand  ■, 
disc  at  this  position  the  output  shaft  rotates  40/3£:-<tiim3.E;/K-  '  • 
5/4  times  ae  rapidly  .as  ,th4  differential  input  shaft,.-. ’.sihhe, 
m  noted  earlier,  the  output  shaft,  and-  differential  inpu4^r  - 
shaft  rotate  .;?bt4, the  same,  rote  when  the  i  n  t  e grand has-1'  t he ’ val u  e  X 
32  ( turns.-) and* .  for  given  rate  of  differential  input.;  the  ‘ 
output  is.  proportional  "to  the  integrand.  .  ,  Y  YY%*Y;;'Y  ''  f  ;YYV; 


*  Let  us  make  some  estimate  for  selected ''Brijisary. 
variables  under  initial  conditions  computed  'separately  fpr 
reroan^lat  of  departure  *  for  45°  ,$ngle.  Of  departure /..and  as 
a  limit  ihgVcasey  for  vert  leal  fire.'  v-  f /yY'^ 


:v":  if  {  a )  At  zero  angle  of  departure* 

'■  -J: . ■  Y '•iYIha  Variable  S  on  the  ou  tput  'shaft"  .of'  the  fi^st^Y/iY  Yj 
integrator : uh;|t  y/i  11  be  turning  at  not  more  than  600.. r,p.,m,';-w 
This  lira  ft,  given  by  Principle  3,  may  be  actually  obtained  at 
the  start  pf  the  trajectory.  .  At  that  mono  nt  the  input-  shaft  Y- 
for  T  wilib.be  rotating  at  about  the  rate  480/or g  ,  by1 -Principle  : 
(2),  and  therefore  the  output  shaft'  at  about  ( o/4 }  { ^o/cjg  ) • 
600/c^g  r.p.m.  This  output  is  slowed  down  to.  600/lc^6 Cgor;  r.p.m 
before"  erit&ring  as  differential  input  into  an  integrator  unit* 
'With  H  at  the  edge  of  the  second  integrator  disc, .the’ primary 
.  abaft  for^p-is  reEftr.lct.ed; to  (5/4 }§QQ/( 04.0  )  or  '  750 A<hp  con  ) 

r,p*m.  In  entirely  similar  manner  (al  thoughr  J3  is  not 
nacessari ly  at-' a  maximum  initially)  the  .primary  shaft  for  B 
is  restricted  to  1875/(  2c,q  c™ )  r.p.m,  since  wo  ayo  now 
taking  zero  as  the  value  o^  T*  ,  the  primary  shaft  for.  It  is 
approximately  stationary?  however,  as  above,  and  with  tap  ..Y 
change  of  ’sign,  the  primary  shaft 'for  X|  is  restricted  V-- 
absolutely  to  9375/k&eieogoe22Cgg )  r.p.m, 

■ '  'fYht&r ting  afresh  from,  the  1  shaft,  we  obtain  -in'Y  - 1  ', 
similar  manner  600/cgg  r.p.m.  as  maximum,  for  the  primary  \Y 
shaft  f or-  /X*  *  Bor  the  a e s u-me A  , angle  of  departure ,  the  speeds  - 
for  Yf ,  Y>  Hg,  ,etd.  are  negligible..  :  •;  -  Y.  Y-'Yy/ 

Y  -  .  For  ues  in  the  fir  at .<  table  ,  we  si€st  obtain  an 


of  the  maximum  for  W*  under  conditions  for  ■which 
Y*  Is  zero  or  nearly  .zero*  This  involves  reference  to 
Adders  #5  and  -  #L«  In  Adder  #5  s  one  can-  ignore  for  the:  present 
purpose  the' zero  term,  -AY, ‘-.so  that,  from  what  went-, before, 
the.  primary  -shaft  for  X1  ;. will  have  on  its  own  primary* -/shaft 
as ;  upper  Pound  9S?5/(8csgCr,0e-ggC^cAQ )  r.p.ra. , '  £.nd.- ^Jierefore 
the  primary  shaft-  for  Wt  ,  ignoring  the  term  At*  ,  w:fl^,;have 
as  .maximum  9375/(8e<j « cpoeopc26c4-T*49 )  r-P*ra*  Oh  \  -■■ 

Table.  #1,  the  shaft  rob  has  then  as  an  upper  •  >  - 

approximately  92 7 5/{ 8  c,  R  ep  0  cpo  c* /$- 4  c , ,  c4<3) ,  whicylMip^- * 
therefore/!  s-,  under  assumed  angle  of  departure?  also-wi 
upper  bound  for  the  primary  shaft  for  V* 

.  (b)  -  At  45°  angle  of  departure. 


,  At  the  angle  of  departure  of  45$  ?  the  previous 
.upper  hounds  for  ti ,  J,  ..and  H  continue  to  hold,.  However? 

Y1  -is  no  longer  negligible.  Hut  the  maximum  value  to 
he  used  for.  Yf  on  this  trajectory  cannot  be  regarded 
as  located  oh  the- edge  . of  the  disc  at  40  complete  turns* 
Indeed,  the.  maxiMun  value,  of  Y1  -'when  used  for  the  limiting 
case  of  .-vertical  fire  is  Vp  ,  and  only  V0/t£~  is  available 
\here* ,  or  ,ah.Qut  r, (.7/10 )V0:",-,  which  will  be  at  about  28-  complete, 
ttirns 'o-f ■'5i’heMritegrapd..le--ad  screw.  Since  28/32  is  7/8, 
we  have  far  an  estimate  for  Jx,  |l875/(2c,  «cOQe^2es.)j  (7/8) 
r.p.m.  Thus'  the  primary  bus  shaft  for  K,  uhdef^  the 
conditions  -stated,  is  restricted  to  an  angular  speed  of  not 
: mere  : than- about  13135/(160,0  cg£Cg0Cg4 )  r.p.m.  Similarly, 
for  the  ’  pritisary  '-bus  shaft  Tor  we  now  obtain  as  upper 

bound' approximately  13l25/(l6c„  rte„„c„_co„  )  r.p.m* 

■  ;  -  Id  4Q  d<£  «do  - 

-  For  integrator  units  #6  and  #7,  placing  X*  and 


Y!  at  26  -turns  of  the  integrand  lead  screw,  we  obtain, 
under  conditions  assumed,  (7/S) (dSO/c^g)  s  420/c2O  r.p.m* 
for  X,  and  similarly  42 Gf/c30  r.p,.m»  for  Y,  on  their  - 
respective -primary  shafts."  Ye  shall  not  need  an.  estimate  ~- 
fpr .  an  upper  bound  for  It  *  .  .  "  ■.-' 

.  ■  •  to  -obtain''. ah  upper  bound  for.  V,  we  roe  formula  #9,. 

for  fable  $1,  and  follow  the  variables  through- adders  until  ■ 
W<S;  reach,  integrator  outputs.  In,- Adder  #0,  we  have'  initially, 
f  or,  T)  the  .upper  bound  460/039  r.p.m. -and  for  K’  the  upper'-. .- 
bound ,  13125/(lSc^p Cgo C2^C?4C40^  Hence  on  the' 

-p-rCffliftry- 'shaft-  'for  - Xl^we^bave'  as,  Upper  bound  on  the  speed 
-  £48 ^  ^  rY gJV^  SX.&of  {  16c ^  q  )^|  X*  #  ; 

Carrying  this'  to  Aader  #4?  and  ignorlng^the*3" initially' ‘sera 


;-term '  AX,,  we  have  . as  upper  bound  for  Y5  the  value 
C4B0/(e3^C47)]  +  L 1 Si 25/(  16  c  xb  c2  0  c22  c2 4  c  4 0  0 4  7  ^  J 


r.p.m 


In  Adder  #5,  neglecting,  the  initially  .zero  term,'  i 
•  Ay ,  an  upper  bound  for  X^  is  15135/ ( 16c, Ac pnc n 0c <yAoAQ)  r op .m, , 


a2?tFo 


'49' 

primary 


which  value  :i;s  also  an  upper  hound  for  X 

shaft,-  Heglecting  the correction'  -term,  AWfywone  then  has  ' 

from 'Adder  #1,  the  value  of  1 3125/ fl Sc ppc 20^22 c 26° 4lc 4 9 ^ 
as  an  upper  bound  for.- WT '  on  its •■pwn  primary...  apart ,  . 

iProm  the  relation  V2  5-^*2  +  y'2,  wo  have  b  ■=■ 

j-C'v- ''V--  v  dV  S  w»  djy*  +  Y  '  .  dY*  7;  ’"’’v.  ’/v’i..  . 

where  furthermore,  under  they  conditions, .-.here "assumed initially 

W  f  **  V »  -  IT  /Vo  TT-n  -i  iri'  *■*'  ■  +  Vi  4  H  *  tfi  vfl *-!'+■  /a  tti?o  ■"  itA  1  ,  • 


r  Y*  Dsing'  this :  estimate  're^ve 

■'  7-  ■■■if/7/-  :  '  dV  =  l/f2  [d\V  +  dY’ )  „  77./  / . 

Substituting  the  upper  hounds  for.  speeds  -  of  W* ,  and  Yf  found, 
above  with  fresh  gear  coupling  coefficients  for  use. -  in  Table  #1, 
one  obtains-  -aff  an  upper  hound  ..for  the  speed  of  V tb  e  .  f pliowing 

t  ^l3l25/(  I6e^  pC 


**  1 8  ^  2  0C 22° 2AC3 5 C 4 0 C 4 ? Ai -rY  j f 

•  •  •  •  5  .  * '  1  -Ti  ’ 


;/-f  t1  •t6ciP e20GpaC26 Cb4:C41  c49  J  - 


'18  20/  22 

( c)  Tor  verti  Oral  fire 


o4  41  49 
as .  a  limiting.; 

■f;,'  Tor  vertical,  fire  the  previous  upper  bounds  for 

S’ r,\K . cont inue  to  apply.-  Tor  K d p. In te gra t op  U n it- #4 ,  •:  A 

Y’f  wi3,l:  naw  be  V^  and  will  "be  set  at-  the  'edge  of  the  ' 

integrator  disci,  lienee  for  K.  on  its .  own.  primary  'da-aft  an  ;  , 
upper  limit  for  the  speed  under  the  conditions  here  assumed'^ 
will:  be  93’75/{8c1QCr>QC‘:>2c24:}  •,  Turning  next  to  Adder  jH>, 

sbtain  for  an  unper  iimit  f or: the  angular 


we  obt, 

primary  ffhaft  ifer  .Y§*;  the  •*•':  /  /  A  A" 

,]*r 


39- 


ahgular  speed  of  the 

)] 


18  C  2(7 


C24C40‘ 


r.p.m. 


Oh  passing  through' .‘^.dder  #4./  and ;  drp p pi n g  the"  initially  aero 
term  AX,  one  had  aa;/  an  upper;  bound  for  the  angular  speed  of  . 

Y*  on  its  ovm:  primary  shaft,  t"!  7  *  y y  . /;.7'.:\r/; 7'-' 

[•5"CAc,9c,,7s]  +  r9--7s/l<'V023css‘:a';c4fl04r]  y-p-L" 

Sinee^af  vthis ..angle  '-' of "depart draff*  is'  negligi  ble  ,  :we  obtain  .-7  >. 
as  an  upper  boupd"  for  the  angular  speed  :  of  -V  oh  its  . own'  pr imary 

ShSt-fl/  |  ;  ..  .  '  7. •  V.  •  v  ;  ....  7"'  'v^Ti  ,  /*  •  *-v  *"•  /  ■  '".-/’.'vih- ,*  ••  b-  /' 


[:iSC'/(°o50v/.;f]  +lSf 


16 


2  24  35  40  47  J 


■  r'opiKi0 


•SW  Y  Tare  have  ready/ on  its.  own  •  primary  shaft,  800/ c^q  r*p«ia 

•  ■  Applying  the  conditions..- of  the  third  principle. ,  ■ 

'  stated  above ,  '  we'  have  inetja aljitle sbori ginally  phrased  int  p 
ternjs  .of  speed,  hut  by  u  se  of  .the  first  principle,  these 
:  are  express  I  ole  =.  ■  in  term  s  of  gear coup  ling  c  be  f  f  i  c  ient  o  (as .  - ' 
far  as.  operation  after  the  initial-  si owy speed  stage  for  the 


p r ima  mot  or  is 'past )*  As s  um  i ng  that  th e ’ primary  T  shaf t ' 
rotate s  'at  approxima.tely'. BOO  r.p.rn*,.  the  condition  that  no 
i n te pr'  unit  output  shaft  shall,  rotate  faster  than  ■ 

60.0  r*p*m*,  could  he.  made  to.  yield  .  inequalities.  However, 
after  the  -  initial  slow;  .speed'  stage  is  pasty  the  integrand 
variables  will  not  in  general  be  at  their  extreme  values  - 
and.  no  easily  usable  font  ine  quaiity.hre  su  1$ a,*- . ’^ns t«®Ut  ;•••,• • 

we  use  initial  -  conditions  only.  Principle  (2),  rather  / 
than  { I-) ,  wilt.' regulate, -the  .maximum  to  be  used:  for  t s  '  We  Vs 
shall  list  the.  inequalities  of  chief  interest  so  obtained, 
in  some  cases.  distinguishing..among  the  three  special  cases 
ia)i  :;tb)/;f{e5:;rdise,ps'sed :  - 

.  :  \  (!)  Per  3  :/'/;/  ;•  ;  "  /  •;  . '  ; 


Prom  :600/j  c1)P,{  <  '6  00,  we  have  •  . 

•  ./■'  hist  %  /  -  ,  V  /  j  y 

For  J 


(1) 

"  rv’ v ", 


Prom 


518c20l 


<  ■ 


we 


le| 
(3) 


>  (5/4)  :l/(c18|; 

For:  R  ;  //; 


From  (5/4)2600/|o18e2Oc22|  <  600,  we  have 

'  •.:^/}c22l  ^  ^ 5/4  ^ }?\ c18  ®2C  I  ’  v/ ,J 

'  For  K"  -  ••  / 


In  case  ;  (ej,  .the  only  cose  of  signifi  c.ap  be  '.for  "a  „ 
limitation  of  valup,  on\KV  w'e^  have  h-h  ■.  •/  ’ 


.(  5/4)  ^  6  00/ j  ®  jg  C20  cp2  C24[  it  '^P*'  :l?l  vi.nS 

;  1C24|  .  -  -  1 C16C20C22 1 


. •; /// : •  yy;--  ...  ... '.;/:. .  ; ,y ' •  ■• : . 

-h:*£  the  pp-lyyhase  of 'Significance  for.  a 

Wraita'titteu^  i§y  re  have  ;:;>yy  '  -■/'  t/y'.  .-  •, 

:.;''^*:::i^4:^^ftieS8§£026f  ,  ^  ' too-,;. giving y  .  ;  :  :v  ■ 


;,.V:i y y<y:y/6)  ~y  3?©r  x : yyy  J  vyy  ^ •;  :::' ■;;••.  -  ;  ;/;;;  ;•  >  y-(K\ 

;b>y  :'l%  ,/;  TXn/lase  Cetjfy  ’"  tkie  vowiyyfestse'  Of  significance  f$r/ay.yy. 
liaiitai'ibn  of.  valiie  6b  X,  we  .have  the  same.  situation  as  ///V/ 
for  iProin  •>  600/ \  Cgg.|'  <f  600,'  we  find  ’•>-.  .'  ;  / .’• y./yy- 

:fevfe?  .  -1  •••.:■•  - ,. ./\V '/'  ■  -  yfeyyfe-.-  ••  k'  .-'w b  •■  V'  b|^ty~y  • 

;  fey':,;  •;'  fefefepr-  Y.;:,;  .fefefe:  :  yfe  '•'". ;  ../-b  y. V  .b;f.-/fe: 

■  ':in  .Case  '(c),-.  the  only  case  of  significance  fW/a 
limitation  •  $£  value  of -Y,  we  have  similarly,  from  y.-  y  ••>/•  b 

6Qo/|c^q|  -  .£  600,  .  yy  y. :;by ,yyyyy  / 

•  |  ®3o|  V*  ’■■'  '  '  .  ”'  ;•  ,  ■-  .  '  /  I;1?  )  f  '.Y 

■■  .  >  ($}yy For  hs  //  ;fe ''  /  j..  y-yfefe .’fez 

;./y  y';  -In  case  (c) ,  from  . ( 5/4 ) 6 00/ J  j  '  £  •  5QQt 

'  y  yyi°2ai  >  mn/icxi  :  ■•■"y 

.  It- will ;  he  sufficient ,  hut  not-  wholly  necessary,  to 
accept  in  place  of.  these,  the  following  :  '■’  /y;yY..,.-y  •' 

/yb;  ■  M s  iy  KJ  sy  .  /.  .  \;yy/y 

■  yyy  yy  ^  3/4  - .  -yy/yyy  y: :. y  ■  ■  (a>v 

. ' '  .ic2zi  ^  5/;  y  ■  vyhy..-; y  •.  •■,.  .'yyyfsry; 

yb  -  i°y  yb*/y ..  y,.:  y  yyyy-,  -y  V'u)*,  ■, 

■:  ttyf/4  yy-r.. ./,-yy..  -  — :Vy.;.-.£BK; - 

y-yWI/;' yjb yb>.:--yy; :  ' ,  "  yy^y- 

_  y8*"/iSpeed  Xiimits  for .  the  Printers.  •  ,  . 


■  :>  ■/  (4) 


;  r-*'  (6) * 


Speed  Limits  for  the  Printers . 


The;  six  printer  units  which  make  up  the  operating 


part  of  -  the  Recorder,  have  the  respective  speed®' ■■  determined: 

'ey  the  corresponding  speeds  of  .  the  respective  has -  shafts  for:;;;; 
the  canonical  variables  X,  I,  '  Y,  V,  Yf ,  X’  ,  save,  for -the  'i'.i-f'f?  Vi 
interposition- .of  gear  couplings,  themselves  subject  to 
optimal  determinat  ion ,  On  the  basis  of  experiment .  the 
fo  Homing,  principle,  has  been  enunciated,;'  '  -/y.'' 4  :v  7 

Principle,  For  the  accurate  hit ting'ji  Integer  values h- 
of  some  recorder  variable  .by.  a  printer ,  there-  is  a  "bent  ;Bp«ad  V- .  ; : 
for  the  printer  which,  usually  lies  between  120  r,p^i^v-ahd  '■  \ ■ 

150  r.p^'m,  ■  Bo  printer  s.hould,.oe  operat^7at':,fa9te^::'i|^P  b’-' ’ 

200  r.p.m.  -.  7“'"  .  •  7.7a 0/0000 :S 

'.-..•We  shall'  obtain  se.p^rat ely ,. ..ineou.ali t ie s. : 'i&r/ 7- -7- 
printer  corresponding  to,  the  conditions  (a),.(h),  (c  j'  ot 
the  preceding  section*.  .7  7 . -7.  hi  ..-  ••  •:  .  ■' 


1  Since  the  primary  shaft  for  T  connects  -with.1 'the: 
printer  shaft  for  T  through  the  gear  coupling  '#51, 
couplingicdef ficient  c§1  »  iy ,  it  follows  tljai  .td 
%  printer  speed  of-  not  more  fthhn  SCO  ryp.m.  -ever 
trajectory-,  a,  reduction  to  one  fourth,  of  theiaaxiiiiuia  .apfe^^t 
800  r.p,ra*,  -for  T,  is  required."  Hence  hr-’'  000^0- 


This  holds  for  all  cases 


ish  as  to,-..:eap@s 
is  covered -by Jta 


oGQ/l  coc.c, 


For  1  as  for  X,  we.  have  o:hly  one  case  ;of--  'Sfgnifld^jK#- 

th.is  time  (aj) ,  giving  v  7 '  _  ;' ^  ‘.y  ?\  *V  '  'v.-- 00  7 »- 


:  (I7)  Recorder  Variable  2-*:-  ’  X  !  -  ''•'•-V  •'  •'  '•.’••/ 

"  The  three  case s  for  V  nu&t  be.  handled,  separately.' 

for  (a)  ■,  from  ,9S75/( Be jg egO:CoQ^26 c34c41c49 ^  .iis-b ■/ 

own  primary  »bafti  'Vre  aaw  :  ""  '  -  -  ,  .  - 

,/•  r  ...  ^^/^86l6c20®SSe26'd34^4^c49c54^  .  ~  20p  ,;  py 

■/>  '  %4^  ’  rXT* 

for  (b-5  and  (c ) ,  simi l&rly.  :  : '$$<% V-.../  vllr.  ;■  j- < 


-^v];5  25/(1 28  c 

/  | 525/(1 2 8c 

|  1I2/C6c^c3 

■ :  ( pli/'i  :6:W. 


/•••  ‘  for  the  recorder  variable  Y*,  o-nly  Case’  { e):  is.  of 
significance*  We  obtain  in  this  case  . •  -  } 


'39  47' 
|375/(:64c  e 


for  ■  the-  recorder  variable , .  X*', -  Only 

fde:.b;^e;  bbtain  ','•■/"  ■  ///; * 

*;5i  rvr>  2 :  1 375/<«4dScon°H2?^ 


ir  s  i  on  -  and :  0  ou.p  l, 


■’  •  •  •  •'-*  "lm  ■-•.  •  -V  .  '  -V  '  '■  •-•)  V'f.  /  i  .  I  •  .  ■•  '  -•’  .  "rJC. 

j..:r.  Wi  the  equations  and  iheqbalit  ieg  of  the  previous , /sections 
involve  coupling  coefficients  in  many  ways*.  The  original|relat ions 
are  not-  all  Independent,  as  was  seen  in  a  partial,  reduction  .and  /:.., 
elimination  of. dependent  inequalities  discussed  earlier i  There 


is  indeed  a  freedom-  of  choice  in.  obtaining  mathemti cally 
a  solution  of  fthe  formal  system  of  equations  and  inequalities* 
One  is.  not  interested,  however,  in, all  such  possible  theoretical 
solutions .  There  are .practical  considerations  which  would 
serve  to  reject  aaV trivial  many  formally  correct’  solutions... 

It  is  desirable  to  avail  oneself  of  -substantially  all  the 
permissible  travel  of  movable  parts  in order  that  the  scale 
he  throughout,  as  .large:  as  ■  conveniently  possible.  For 
example. , .  -  i  f  a  given  template  were  Such  that  for  an  extended 
program  of  trajectory  computation  only  a  small  horizontal 
■interval  of  the  *  -teapl&te  were  . used,  one  would  ordinarily 
■  prepare  a -pew-  template  reproducing  the  same  functional 
relationship  In.  the  jpart  used,  hut  spreading  this.,  used 
interval  of  the  variable ,  II ,  over  the  whole  available  ..  P-  . 
horizontal  range  for  '  th  IS  table  *  .  '  • 

:V  -In- seeking ' absolution  it  •  is  convenient  -to 
distinguish  be  tween  those  data  which  depend  upon  the  pari 
tlcular'iprpgraja  of  trajectory .  computation,  (or  even  .more. 

•  drama  a  i  a  t  e  lyr"  up  o  n  t  he  particular-  trajectory)  and  those-  ’ 
which  reDipin  .essentially  constant  for  the- machine.' as  a>:  •••*.' 
whole  whan  serving  for  the  computation  of  trajectories. 

It  is  found  that  the  freedom  of  choice  is  ample  to  . permit 
assigning -at 'once  certain  yalijes- from  among  the  limiting 
values  provided  by  the  inequalities  already • given  for 
travel,  load,  and  speed.  ¥e  might  proceed  arbitrarily 
to  assign  certain  values  and.,  relations- and  justify  this  /s 
choice  by  furnishing  later  a-’ method  for:;  satisfying,  all  •  ' 

the  equations  and  inequalities  already  stated. 


It  will  be  convenient,  however,  prior  to  such 
arbitrary  assigning,  to  list  for  reference  all  those 
equations  and  inequalities  among  gear  -coupling  coefficients, 
Other  than  those  for  cranks  and  printers,; -Comparing  the  lists 
previously  obtained,  we  have  the  fallowing,  involving  (save 
f  or  A  in  7  and.  c0  in  6)  coupling  coefficients  only; 

liquations .  From  the  final  list  in  Part  V,  Sect! on  A  4,  we  ■ 
copy  the  following.  .■ 


From 

■  '  ;•  ■ 

(19) 

°18  S  css>h '  °®0 

(so)  j  ■ 

5 24  5  C26  i 

(21) 

,{22) 


°2S  °31  :,v:’  ; 

C25C40C4?  3  C27 C41C49  ' 


(1) 

(2): 

(3) 

14) 


46-  v  0  2a  29  w  32  33  '34  35  v  39^  41v  47 
Ale.o  from  Part  V,  Section.  3.  2,  Kquatioji  1'jg 

(  C  _,3c  ,1  -  X5.  I  <3  -Ift®  AT  I  , 


**&*• 


"bo  v&' 


.Also  the  following 


*S SSSS 


¥e  hare  also  from  Part  V,  Section  B  2  the  following  involving  parameters 


Sr  om 


■- 

B 

2 

(;B}» 

|.e@  *  C33  -=i  Hjn/4 0 , 

(integ,  #8)  (32) 

2 

(«)•  : 

.KMc*i«45l  - 

%/40,  ' 

{integ.  if 2)  (33) 

B 

2 

(9)T  ■ 

l°oM<!35039e47l 

’  h  V^/180, 

(Vector  Table)  (34) 

.  B 

2 

{!)*:  ; 

IeoNc36°39C47l 

1  c'l 9 i  “  Vri/4C,»  *V;  • 

(Integ.  #1)  (35) 

'  - ,  B 

2 

(13)  * 

1  c0  1  l  CSSC39C4,'?1 

■|c3?|  h  v^/iso, 

'  '  b-t  ;  '  . 

(Div.  Table,  V)(36) 

■B; 

2 

(14)'/ 

■Hl'|c36039047l 

’lC3?He32C3.3C36  °43  1  “ 

V../32-S  . 

(Div.  Table,  U) (37) 

4 

h*  ■ 

O  . 

B 

2 

•  .  id  ' 

loOl'lc55b9C47l 

^C37^C32C33C36lc43  i‘  1° 3 

B.|  >  ij'v®. 

(Template  TableX  38} 

-r- 

i 

-  ■  3 

O 

*2 

( 4 }  ’  V 

1  1  lC25°39C47l 

■s*  "^tn./ 40 1  y 

(Integ,  #4}  (39) 

b; 

2 

(5) T  ' 

1  e0  liC35C39°47  ' 

l  lC2?l  - 

(integ.  #3)  (4D  ) 

3 

2 

{6> 

lCol-|°5a'-,0c,7| 

’lC29l'i  C41  1  .  -  ^  1  C34^ 

/ 40 » 

(Integ,  #6)  (4l) 

2  2  (3)1  ;  | 0 32c 33 1  ^  128  %  I  *  lC19C20C21C22C24.C;35e40C45C47^//5’  'InteS*  &$)  (^2) 

3  2  il6)’;  ^JC32C33i  138  BA  l°8J*' l  C2^l*lCl9G20C2lC22G24f35C40C45C47l//45, 

■’  ..  ••  •  ’/  (Template  TableX43) 


The  inequalities  hare  ay  he  somewhat  simplified  lay-  -splitting  so  as.  to  obtain 
a  .set  of  sufficient  conditions,  -no  -one  of  which  by  itself  can  be  strengthened 
’ey  a,  numerical  factor,  but  which-  are  not  as  a  system -completely  necessary. 


y 

t"  /j 


■■  .  ■  c-Kecalling.  that  by  ,  |  o,3J  3,  and  that 

| c2:i  ^4g|  -^r  the  information  given  above  we ■  rep 

first  ’two."r inequali ties ,  (32)  and  (33),  by  the  single 


:  ICb!  -  —  ' 

.  • -  .  .  “  ■ .  •  ...  ■  .(44) 

y-f  b '.reduce  the  five  ind< 
respectively,  to  a  common  form, 
to  (8 )  abovp '  ffes. .  following. 

qualities,  (.34)  .  to.  (.38 ) ,  .  ,t 
;  34}  ,  we  accept  •  in  -  addition 

-  ■  .  f^19V  s  e/2,  / 

A  ^  v-  'I  /U45)-, . 

.  Ay  -  vj *  '  1  /.'V-  , 

.  ■  X'  V--  .  -A  -  (46)h/ 

■  0al'*  3/4 

'A  -  'a'a  :  ^  ' 

While  it  {Ap-:  #'ue  that.;,, on  a  :  given  tra|eot  ory  2L*  may  ':v 

greatly,  from  Y*jf  :  yet  as  :  remarked  earlier,  under  ©rdihaa,yf/-?l  l 
procedure -there  will  be  a  set  .of  •  trajectories .  for'  which  a,- 
'  single  "arrangement  of  gear  couplings  is  to  be  used  .■/-  /  '-'A  .•' 
throughout  irrespective  of  .the  angle  -of  departure*.  •-!&,%.  t  - 
the  set  angles  range  .through"  the  first  quadrant,  the  value 
of  whibh  covers  all  ..the  trajectories  of  the  set  vi-llwbe.  " 
practically  equ.al  to  Ym*'and  similarly  the  value 
be  practically  Ph.  for  uueh  a  set  of  trajectories,  tnehh  v  • 
is  no- essential  103s;.  of  general! in- 'taking,  lit  as-  equal -  ■ 
to  '!tp  and.  both- as  approximately  equal  to  V^*.  with  this  \  "A 
consideration,  in  mind,' .wo  '  seek  to  reduce  to  .  a  similar'  form  .  ' 
not  only  -inequalities  (40)  and  ( 41 ),  involving.  2^,  but  .also", 
(39)  involving  and  all  these  three  in  conparison’-; 'qfl- .. v; 
with-  ( 34  K  We- thoref  ora  :,white’:::'-  .  -  '  t  i’  .// /l-l/-.. 


1  c-  I 

m .. 

w* 

:<B  I  c  _  | 

1  35 1 

1  ^35J 

l  c„„  f 

— 

9  |c  I 

1  27  1 

1  34  1 

1  °29  i 

ar 

!C27C41^ 

f  2.  Signs  of  Gear  Coupling  Coefficient  a*  A 

'  h  h ‘.As  -  wad.  remarked  earlier,  the -bus  shafts  lie' dy  > 
mutually'  parallel*  ■  A  bus  shaft  is  regarded  .as  rotating 
positively  if/,  .and  only  if,  it.  is  rotating  in  .  the  '  same  angular 
direction  -  as' the -primary  time  ■  shaft ,  or -what  amounts  to -•the' 
same  thing;  as  the.  output  "shaft  of  the  -prime  motor  when  this 
.rotates  .in  ,  its  .normal  direction.  .A  gear,  coupling-  which 
preserves  sense  feae  a  positive  gear  coupling  coefficient, 

Che  which-he verse  s'  sense  has  a  negative  -  coefficient.  '  I$-  ;ia '  ... 


'  true';  that  one.  might  reverse  "the  '  sense  throughout  some  .  .y  : 
suhuetw^rk  he  ■  analyze r.\hy  changing,  the  sighs  of  all 

.  connectfortS'-cohnecting;.;thia‘..3uMetwork  with' the  rest  of 
.  the  jna, ch ihe .  ~Me  shall  assume  however  positive  gear  connections  . 
where  ver  .possible.  Increasing  functions  of  T  will  then  be 
carried  on  positively  turning  bu©  shafts.  If  on  passing  ■/ 
through  a-  gear  coupling  nov  algebraic  change  of  -  sigh  for  the 
varihbCtevOccur:s)*  th  is  .  gear ;  co  opling  has  a  positive  -coefficient* 
With  the s.e  principles  in  mind  signs  for  conversion  coefficients 
and  'gear,  coupling  coefficients,  are  readily  chosen  as  follows!  ■ 

The  conversion  coefficients  c£  to  c!*,  to  c1?,  -•• 

. are  po.sitive  .■  .  The '  gear .  coupling  coefficients  eigi-to 
c5g  are  positive  with  the  following  exceptions*  Cp«*  e^,, , 
c4l»  C42*,  c4At  <?4g»  e47»  e49>  which  are  definitely 

'  negative,- while.  .|h'h:  signB' of  c/ar  (v/hen  A  i§s  not  -zero) 


(•when  A  is  not  zero) 


such;  that 


is  nef gat i vs  and  A  is  positive B 


■Vi  While  Pon&Ldering'  conversion  coefficients?' the  -  .  -  v 

r^&dcr.ffiay  ..start;--to  H^hndor  how  itipappons*' that’ 3  variable; 
can --change  sign,  when  all,,  the  gear'- trains  are  .left  unaltered,- 
pi  hence  .when  no  gear  cqupikng;  coefficient  changes  .sign* 

.  The  variable,  imay  change  sign  mechanically  as  a  consequence 
,for  example,  of  ;a:ny^  one  of :  the'  foil  owing';,  three  events!  p  .  -  V 
,  (i)  The  integrand,  disc  parr  lags,  in  an  integrator  unit >may 
move  ccwtlnupusly  .so  th&C.hhe  roller- of  the  dj ff  erent'lal  •*’ 

Input.,  si i de %•  jSs&t  •• parts’-  position,;  When  this  occurs.,  the 
k  output  of  this- irite-^vi-tp,r./hnit  changes  sign,  (ii);  -The 
radialham  in  the,- vector  table  may  in  turning  pass 
continuously  -through  the  horizontal  pqaition,  and  so-  -  V.  y. 
correspond  .to  a. -Change  of"  sign  of  ft*  -  ..(ijll)  Tv/oV  ’  ; ; 

variables  .of  opposite  sign  be ing; fed '-into,' an  adder  may  so 
change  in  :  relative  magnitude  that  the.  sum  .  changes;  in  sign* 

One  should  recall-  that  the  direction  of  rotation  of  a 
shaft vdhtprmino's-;  whether,  the  variable'- la.  increasing,  or 
-.decreasing,  (tfhen  once  the  psscciated  constant  conversion  . 
coef  fi  cie;ht::;i^;fcnown)  but  doe  a  riot  determine  whether  the;1--: 
variable  isbppsitiv'e -pr  negative.  The  Sign  of  the  variable-..-'  •:. 
BMSty.  Indeed' gases')  by  the -pimple-. 
expedient  of  changing- the  ...additive  constant  carried  by  'v 
calibrating  drum  *V1;'VV  it; ;  "VV-  ..  f  V ■■  V  ,-; 

V  .5 *  ;?^artlai,  Betenainatl on  of  Sear  Counting  ,--\r 

■  •  ■, =v:  W-.-r  4-  ..r  . 

fberVe  secttre^-a  -praptic'^i'-  elution  for-.-,  the  , 
extenM^,-.'pysf.esi  hf  iiat i^>ns;. arid •'  inequalities;  air«®4y.,;-.-;.:-''-  i  i  . .- ' 

laid;;do^ri,  :■  it/?wlll .  .Mlho-nve.pient  ,to  specdhlizs.' eftJbohne.  ?•  •••  W; 


O^- 


most  of  the  gear  coupling  coefficient's* "  by  •  assigning  to  them 
the  minimum  absolute,* values  (not,  loss  than  unity)  permitted 
by  the  foregoing  simultaneous  system*  where  the  signs  of  .the 
coefficients  are  chosen  as  described  above*  We.  therefore 
choose  the  following*. 


.From  - 

Section  0  1  .  (9) 


Cio) 

By  definition* 
Section  C  .1  (ll) 


(13) 

(14) 


(16) 

3y  definition, 
Section  G  1  (46) 

'  (4?) 


(17) . and  (30} 

(18) 


C18 

e19 


'20 

■a  ' 
'21 

:S2,.  : 

'24 

'26.  ' 

'sa 


=  l 

-  9/2 

-  5/4 
=  1 

=  5/4 
»  5/4 
5/4 
1 


c30,  *  X 


C-. 


co6  "  1 


^"37  """ 


38 

c40 

.  °41 
and  (4)  above 

c47 


3/4  '  ■■ 
3 

-1 

*  c 


'45 


■  - 


-1 


We  shall  accept  also  the  following  e o^u allties., 


C25> 


"27 


C29  ~  C31 


U) 


Hence  by  (l),  (48)  *  and;  (49)  * 


"34.' 


C35 


'■9 


'  .  _  _  *>v 


From  (5),  {18},  (l),  and  (2} 


■ 


*48-  “c50  .; '4.  ■-  . 

(2) 

:  •  c49  “  ",3-;  ■'.... '-oy-  t  .yNyy 

it):  j 

.  It 

follows  from  1,(29)  that  k4„i  4 

^  a  '  .  iO. 

view-:..'r  •  • 

of  l,(48)>..smd  1,(49),  and  to.  simplify  thlrgear 

trains 

,  wq  , ; 

/•'  adopt  yfhe.JTo 

llowing,  -  ‘y. ,  '  'V  i 

0;.'  v 

■  c„,  i  1  ' '  -•  •  .•  :  •  • 

;  *34.  v  ...• 

“4  yt'y.r.’  y  yy  y 

‘  •  -•  V  <v\. 

•  "*  X  :  4 t-.  ,'•?  . 

>'/'<•  »■ 

..y,y 

and  hence,  hy 

.  ■  ■  .  •  ■  •  «  -V 

;4,(48)  and  4,(4$),  arid  hjr  3,{l}, 

;  _  y.»f  •,  >/  j. 

•  :  ’  '  v  y  ^  .vV-iV 

4  *2&  «  9/2  sK.y  -.4  V  ;‘;Vy  : 

|  y. 

•iT  *  t  ^ 

e?7  “  9/2  • 

■  -  '  ■;  4>;. 

’*  .  /i  '•  s’VfJ*. 

-  s/2  yy  '••••4vy4r7':  -  •,■ 

_  y  /  Sr : 

;  •  *  V  ; 

. "  *  r.\  ^-C"  •  '  r*  ij»d  ? 

■  ,«  *V.  V  ,  •  ••  ■*»  ■ 

'  ;sy;':  y:  yyy  y .. . 

.*«••  •  '  *  ‘  r'  •>  y  c\  ‘  '  '* 

**  • '  -  '  ••  /'■  L'  *  ■ 

dy  i,  c 

follows,  that 

y  y-MV, 

'  ■‘,'yVj 

y-;  -y •; 

(.5) 

1-  .jV  -  . 

....  From  1  ( 6 1,  . 

4 ' 1/C0  *  .;96  4  3C3gC 39/2  '  y.:y..  .  ’.4  ' 

'■'tv"-; 

■  m  - 

4.  4 

A  *50  *^243  c3g*39)  •  .4/ 

'4:-  /  ■  ,V4 

44?) 

•  X  £3<£.)  f 

ypg,  >  f^a/120 '  -  y 

.  4' 

;  ($5  said 

4,(34), •-•;:;a39  :  >1.  .30  c3S?jMy  V 

■  •'  4^""'! 

>  •;  v  ;  y\ft  ■  ■ .  ' 

I  Uz)y 

1  ■  V  *  C75  ^ce  ;■ y  VyV"' 

i.  (10);.,. 

1  (43), 

y^a.  >  w  cec23^ ./T?  y::;Y> 

■'  -  '  V  * 

■,  ( ll )  v  ■ , 
1  -- 

4.  ^Petertttinati or,  of  Remininf?  Gear  Coupling ' ■ . ■ 


. order 


¥e  .solve  the  q.ond.i ti  one  of  Section,.  3  . iif/the  following. 


From  (•?)  dhoose.Cg’  (a  conversion  coefficient)  a o  that • ::  '■/ 


•io8-' ; 


y-'v. 


•  cs  =  Hj/120  ■  .  ■  -v'  ,  . 

Prom  (.11)  then  •c.boos.sj''«'-(H  to  approximate  .  from  -  above ,  $•?§’ 

:-"  0  32  N*  '^Rpg 

This  eond it  lory  will  fee  found  in  practice  to  satisfy" Part' •'© 

Prom  5  . ( 5 > » ;  e43  is  then  determined.  ..  h- t  y; 

;c43  -  28c3g/5  ’  .  .  ^ 

(It  is  permisai'bie  to  -use- -an  equality  sign  here, sine's- higw'.' 
gears  are.;'  'feeing  made  so  that  a  train  of  gears  equalring.  28/5' 
may  fee  used*)  •  ’  •  -  _  '  ./•■.'  *>V  •: 

Thi s ;  cboi^o^Vf/' dfw  suggests  the  'following'  single 'pradtleal' 
modification  of  fEe.  theoretical  '"arrangement  of  >us  shaft  a.  and 
c onnect  ion-  >ge;ar  c  odplings ,  •  In ' place,  of  leading  1  direCt'ly' 
from ;  its  iowh  primary^  shaft  to  Adder  #2 ,  -  -  exh  Hit  ihg  the  . 
equation.^/?-  (A0  -  T)  ti&A,-—  through  gear'  coupling ^45/1  \ 
we  adopt tihe' -foil-owing.'  a  permanent  gear  coupling 
satisfying'!,';’  ;  . 

C 

is  introduced 'leading  from  the  differential  input  of  ; 

Integrator r#S  to -Adder.  #2,  This  yields  an  ultimate.-  geaar'l ’ •  yy; 
coupling.ledef-ficie'nt , :  c43,  of  the  magnitude  desired- hat  /'ly 
-avoids  .inthaduclng  the  complicated  gear  train  corresponding 
to  Cgg,  -mote  .than  once*  ;■  !- if 

.  1  Ifesrt  chooae  ce,  as,  an  approximation’  fro®'.- •-■below  to 
satisfy  3  (11)  .  ,  '  .  -•  \"yv;  1- 


.  ^  .It  asiyJ*eis^So8BA>'-: '  '  ; ' 

Ifext  chopse'  Oag  toy  satisfy  3  (&}  '  V;-.  ■ 

y  yssh*380^/75! 

"Save  for;  the... gear  couplings  which  connect  ;t he  hand 
cranks,  to  the.,  .rest-  of  .-the 'machine  ,  there  remains  tolW ;  h  y{  -  E 
considered  only  ycg^ .  By  3  (?)  .  '  ■  i'  : 


.■/  ■  -'.  °S0  ,T  /s/l- :°32% gKA  i ’ .  y/v:  :i 

Here  /l  -- is  .mpaer ieally  a..’  sma  11  qu aht  i ty  •  -det e rmlned  wit h  ' • : 
re  a  a  ona  ole,  accuracy  from  observation  and  adequately  '  •? 


-lu 


Q. 


approximated  by  an  obtainable  gear  coupling  coefficient. 

It  may  happen,  that  /\  is  near  zero,  • /This;  would,  cause  Cqq, 
to  he  .numerically  extremely  large.  ,  The opet  1  cally : Cgp  „ 
could  be  infinite  without  causing  any  'difficulty.  ■■  This 
situation  w  ou  Id  involve  the  shafts . .  carrying,  AX-  and  A I 
respectively  to  he  stationary.  .  ]?or  a  standard,  trajectory 
where  rotation'  effects  are  ignored,  we  replace  A  by  aero. 

,  5*  Coupling  -Coefficients  for  Gears  Connect  lag 

'  Crank»-:wTtE~2H3ers*  :  • 


There  are  three  hand  cranks  which  feed  in  'the;  h 
corrections,  {based  ,0ll  meteorological,  observations)  ,  to 
^rt ,  A,.  H  respectively.  These  eranhs  turn  (abbreviated) 
bus  shafts,  numbered  1',  2’ ,  S’,  respectively,  and. pass 
their  motions  through  gear'  couplings  numbered  42 j  44,.  46 
respective ly,  to  further  bus  Bhafts  similarly  numbered. 

42,  44,  46  respectively,  leading  into  adders  mentioned 
below.  Tbs  conversion  coefficients  for  A  W1 ,  A  A,  AH,  j-,, 
respectively  on  these  latter  bus  shafts  must  be  equal  to 
the  .converei on  coefficients  for  Wf  ,  A,  H.  respectively 
on  the  bus  shafts  which  also  enter  the  Adders:  numbered 
respectively  1,  2,  3,  or  as  sutma chines  numbered'  13,  14, 

..  15-, respectively.  These  considerations  have; ‘-.already  led  ; 
to  the  equations  .  .  ,.v  '  V  .  , 


From 


Section 

A  4  (24  )  ? 

cic „  ^ 

,9 

(q  )  c„7Le_e  ,  c  _ 

'  1  42 

Or  34  35  39  47 

bee ti on 

A  4  (25) ♦ 

c'  c 

\  2  44 

* 

43' 

Beet ion. 

A  4.  (26)  1 

cIq,„ 
3  46- 

;  «* 

which ;  may  now '  be  ;  sinrplifi e d  if  desired#  , : y  . ' •  -  . 

i'There  \ are '  ho  inherent  relatione  which  would  serve 
to  isolate  'the  values  of?'' C-j.pt  ,  an<|  c46  f 1,0111  out,  of  the 

values  of  the  corresponding  products, belong,  c^c,4 ,  cic46  ;i 
respectively.  The  only  .pr^cti-.c^.  enjsj#i,ae.r^t  ions  *  seem"  to 
be  that  it  shall  hot  be  WcesBary  to,  turn  these  cranks  at 
an  uncomfortably  high-  speed.  qr:  so  slowly  as  to  make,  careful 
following  of  tabulated  data  ifaprac ti, cable #  "  The  following  s 
values,  have  .-been  found'' pbnvenient’  and  are  not:  changed  ; 
between  runstyVl'h  '  :'''1 1  :  . . "  ‘ :  • 


6.  Be  carder.  Eat  i  os. 

The  six  recorder  ratios  Tj ,  Tjj ,  rjjj »  r^y*  rys  rvj * 
are  respectively  equal  to  the  'gear  coupling  coefficients 
C51  >  c5?»  c53*  c54*  g55»  c56*  as  has  been  noted  already. 

The;/-  carry  the  cattoni'caV;;variables  T,  X,  Y»  V,  Y* ,  X* , 
respectively  into  recorder  Variables  T,  X,  Y,  ?,  Y%  X* • 

Upper  limits  on  the  speeds  of  the  printer  discs  have  led 
to  certain  limits  on  gear  coupling  coefficients  already 
noted.  To  mate  accurate  interpolation  convenient,  it  is 
desirable  to  maintain  each  printer  train  rotating  at 
approximately  the  maximum  speed  permitted  under  the 
restrictions  laid  down*  -This  is  particularly  true  in  case 
of  the  variable  T.  • 

Substituting  previously  obtained  values  we  find, 
choosing  lower  "bounds,  from  Section  8  of  Part  B  for  ”  c 


«51  =  4 


’'V  '  c64  r  (i2/(Soj9)]  +  [7/5j 

egg  9  [l2/(5o3p]  +  f  7/5] 

He  z  1  '  ■ 

7 «  "  The  Conversion  Coefficients"  for  the  Canonical 
Variable s , 

Making. use  of  known  values  of  the  gear  coupling 
coefficients,,  while  leaving  in  literal  form,  eg,  cp3*  c3g*  ; 
c,q ,  we  have  the  following  from  Section  4  of. Part  ana-.'  "' 
Section  3.  of  Pstft-Co  •  ’ 


'  •  The  practical,  details  of  arranging  the  gesr  con¬ 

nections,  of  setting  thfr- integrand  discs'  of  integrator  units, 
of  -  using  the  meteorological  ’data,  and  so  forth,  as  well  as-  :  ' 

,  • " “  '  f the  whole  prior  problem  oi^  arranging  the  actual  set-up  cf 

.  bus  shafts  on,  the  analyzer  frame i is  left  -for  the  Supplements.  , 
•■b  '.;There,:'one;  f inds, .  .as  tipb;  'result  -of  a.  special,  study,  a.  set-up  , 

■  ■!  ,  ’  diagram  proposed'  in?:wb.ic:h  for  practical  convenience,  various 

,">s  'f  ■  -modifications  ,froTQ';the;'h^tation  hitherto  used  have  been  in- 

.  '  r  /  ;v  borporated:.  ■^l^;ge;ari^'lheptibns  .js®lch‘ canihe  maintained. 

-  unchanged  .frbni’’ 9116  /d^pgram  to  the  next  have •  been  deprived'  of 
1  h-y  V-  their  special  Serih^:;huicbering.''and  indicated  merely  by  V‘the-v.-' V; 

i .. gear  ratio  involved.  -The  adders  and  tables  have  been  'given  \  r.’ 

.  .'  .  .  vj  special  names,  the' integrator,  units  .have  been  numbered  .y"  1..' 

'iih^hpphding'rto;  theidPl'locationjiand  the  adjustable  gears! have  ; 
been,  specially  designate^.  '  il'v ' 

'  •’  :  .  '.th-e.; i^ihod  rbf*;:  usihg-this  het-up ; diagram  and  ..y,:  ■' 

••  ",r  ‘  fcafrec-dr  d  ed'-'runs r  Computing  ' 

:.7-b';  .• ;  ''b  .  VjSote  ^t/.;?iiiing;4ut'-  iPecord'''£pr  Analyzer 

"  bis.- appended;.  . h Jhie  Tpote  refers  to  the-' blankc-  forr4>  a  copy  qf-hph 
h-d 'r-b  -  if;  ••  Mch  lsiaish  .appended,  entitled.  «Bec or d  for  Analyser1',  end -% 

'  •  *.i  calls  for  the  use  of  Comp ut  1  hg :  I'Jote  '  No.,.  also  appended., 

Y  -’h  i.piJ^iph g;earbratios\.obteinable!WIth:  so  f.e*  as  K 
■.V/  r-thrae  pb-ijra  of  •available. ''gbars,  '  h'"  -,  ' 
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508 -MACHINES 
(F0J?  OUTPUT) 

i'.'  type  no 

A 

(A)  (i)  CAUBR  TN 

.  /?fi)  .»■■■■  2 

™  -4,: 

.  A.(V)  “  5 

%  (t'  CRANK  I 

(<:)<*'  ^  '  ^  2 

\r  3 

(0)  0  PRIME  MOTOR 
INTEGRATOR!  ' 
1 2  2 


4.  » 

5 

6 

i  " 

8  “ 

^  Table 
to  « 

n  » 

12  ADDER 


OUTLET  ELEMENTS  AND  SHAFTS 

MACHINE  ELEMENTS  PRIMARY  ('OUTPUT)  SHAFTS  EQ 

( OUTPUT  EL  EM)  JOINING  .  VAR. 

TYPE  NO  men.  „  GEAR  CoUPLtN&S 
•'  •  '  ELEM-  pjt*  .><-• 

NO.  NOS.  .  ■ 


EQUATIONS 
VAR.  FORMULA 


MACK 

ELEM- 

NO. 


A  =  .0035342  SlN<* 

&s  (u}»  b$  (u)/h,  s  bs  (u)  X  3  1 6  63. 3 


C4U8R 

1 

>  i'.L-.'.  .  ■ 

A0=  10.5274 

•  -  -  ’ 

2 

- . 

V.-  ■ '  •  ,  .' 

. h4-  i/e  ^  -  <•  :v.' 

”!>f“  H  .  -  ' 

3 

,/s'm 

P  ‘  "  ’  '  '  .  . 

4 

"  "-(■  '  • T  v  • 

.  U.  * 

*  T.  . 

.  ■ 

' % :;V/  *./jtv,)  s i n .4  /Pep)  y  . 0 0 0 9 9 1 09 e 

■  ft  . 

5 

■■ 1  ■ ,  •  •  ,  *  ■ 

x;  =  (M.v.)  COS L  (DEP)  jc  .0  0  0991096 

gj?Ank 

r 

For  :  | 

r  V 

42,(27,34) 

AW' (’  rff;,  ■' 

■  A  ’  ■'  % 

2  • 

REDUCTION^ 

44,(1 6)  •  ‘  -  ^  : 

A  A  \ 

%  "  *  ■  -  . 

3, 

•'  RUNS 
ONLV 

r 

U' 

46/2f)  -• 

v‘’‘:  .  >v  ■ "  • .  ,  * ;  ' 4- 

; ''  ’A  H  -  ■-.¥>'  /  '  •  _  ,3  ' 

PRIME  MOTOR 

0 

1 8, 28, 30,39,51,  (4Jt  (25,31, 35, 5  6)) 

T  — ~;yjy:  'V ;  '  .  ...  ’ 

INTEGRATOR  I 
2 


20 

22 

24,  2  6 

40,  (47,(25,31,35,55)) 
49(29,41,56,(27,34)) 
48,52 


7 

8 

Q£ 

Q 

or 

ft 

.  * 

7 

8 

8 

32,  4^,50,53,(36) 
33,45,(21) 

•a. 

■  D 
Of 
.•  UJ 

i 

LU 

5 

TABLE; 

1 

9 

19,37,54. 

J 

2 

0 

a 

I* 

2 

10 

38 

< 

H 

3 

/ 

% 

3  • 

II 

23 

.  z 

Ui 

V 

0 

ADDER 

0 

12 

47,.(25,3 1, 35, 5  5) ' 

£ 

1 

ft 

1 

13 

27,  34 

3 

O 

u. 

2 

ft 

2 

14 

36 

25,31,  35,55 
29,41,56(27,34) 


‘S  *  fVdT 

J  =  2HdS 
R 

K  -  ^  Y'  cf  R 

X  -  £  X'd  T 
Y  -  Y'JT 

V.  V"1 

U  »  V/A 
B  »  B5(U)  +  P 

y;=  y;  -(t+k) 

X'  +  AW' 

A  *|A,-Y)+AA 
H  *  Hs  .+ AH 
Y'»  Y'$tAX 
Y'-Xi-AY  > 


FOR  REDUCTION  ONLY 


2.  GEAR  COUPLINGS,  INPUT  ELEMENTS  AND 

SUB-MACHINES  MACHINE  ELEMENTS  ('INPUT)  SHAFTS 

(FOR  OUTPUT)  (INPUT  ELEM.)  JOINING 

TYPE  NO.  TYPE  NO.  .DIR,  GEAR  „  mach, 

COUPLING'  *Q  £  L  E  /ft 
Ntt  *  NO. 


INTEGRATOR 

ft 

V 

*» 

..  * 

u 

A  ' 

W 

fl 

If 

ft  . 

If 

# 

« 

TABLE 

if 

ft 

a 

c  ■  - 


18 

18 

1  9 

19 

20 

20 

21 

21 

'22 

22  . 

23 

23 

24 

24 

25 

25 

26 

26 

27 

27 

28 

28 

29 

29 

30 

30 

31 

31 

32 

32 

33 

33 

34 

34 

35 

35 

36 

36 

37 

37 

3g 

38 

v 


SHAFTS  CTO  0£  CONTINUED) 


E  Q  UATIONS 

EQ.  VAR.  FORMULA 
NO.  NO^SYM. 


HJS  =  J 


SdJ  *  R 


117 

'  G 
*  C 
P, 

"  {’.* 

II  10 


:u— 

hUhjs'j 
jfBdJ*  R 

V'}  lm 

w) 

x) /rdT=x 

r)  i>T'Y 

Y}  h.-/h,jv.hs 

y  ’  j  fw'*  + Y'*  *  • 

y)  V/A-U 

U  Bs(U)+-r*8 


WM  R  *  Xd 


dT  =  X 


Y'dT  =  Y 


HsdY*Hs 


'I  T 

'X 


i 

i 


3.  GEAR  COUPLINGS,  INPUT  ELEMENTS  AND  SHAFTS  (continued; 


sue-  MACHINES 
(FOR  OUTPUT,) 
TYPE  NO.  LOAD 


MACHINE  ELEMENTS 

(INPUT)  SHAFTS 

EQUATIONS 

(INPUT  ELEM.) 

JOINING 

EQ.  VAR.  FORMULA 

TYPE  NO.  ' 

At\  ACH. 

CO  UP  U  MG-  .H  £l_£*l 

NO.  MO. 

'noT  sym. 

30 

COUPLING 

39 

40 

M 

40 

41 

K 

41 

42 

fi 

42 

43 

i* 

43 

4  4 

f 

4  4 

.45 

fi 

45 

45 

ft  > 

46 

47 

1* 

47 

48 

* 

48 

49 

it 

49 

50 

« 

50 

5  1 

»* 

51 

sa 

* 

52 

53 

n 

53 

54 

i* 

54 

55 

fi 

55 

56 

**. 

56 

ADDER 


°\ 


UK) 


/ 


PRINTER  I\ 


Z 

o 

p- 

CL 

-Z 


V 


H 

IQ 

W 

TL 

ml 


\(D 


30 

3Q 

1  O 

40 

40 

I  Z 

41 

41 

i 

42 

42 

13 

43 

43 

14 

44 

44 

45 

45 

15 

46 

46 

47 

47 

i  c 

48 

48 

1  o 

49 

49 

' 

50 

50 

17 

51 

51 

1 

52 

52 

I 

53 

53 

IE 

54 

54 

TSL 

65 

55 

m 

56 

56 

m 

{: 

T' 

K 

[  y;  -(t+k)  =Yg 

f 

x'i 

■  x'  +  &w'  *  w' 

Ip 

A  W'  j 

(7/32)  Y) 

►  (A0-Y)  +  AA  -A 

1 2' 

AA  J 

f 

H‘] 

i  H4  ■+  A  H  *  H 

|3' 

AH  J 

F 

v/l 

|  YJ  •+  A  X  =  Y7 

U 

*  J 

(5 

X') 

It 

S"  1 

Y  J 

i  X4  -  AY  »  X' 

0 

T 

tj  T  *  I 

6 

X 

7 

Y 

9 

V 

16 

Y' 

-*wr 

17 

X' 

<*E  X#*X- 

t 

EXPLANA  TfON 

OF 

»  '< 

LETTERS  USED 

} 

QUANTITY 

SYMBOL 

FQRMUL  A 
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Ballistic  Research  Laboratory  **  Computing  Branch 
Computing  Note  No,  2  Revision,  Fabruary,  1943 

Directions  'for,  filling  £ut  "R&C££d  for  4aakM£*  , 

Introduction.  Ibis  Note  is  for  the  purpose  of  enabling  a 
computer*  not  already  familiar  with  tha  procedure,  to  fill  out  properly 
the  form  entitled  “Record  for  Analyser  (Set-Dp  Flan  of  January,  1943)*** 

This  Note  presupposes  the  use  of  Ccmputing  Note  No.  1  which  latter 
exhibits  a  fcequenca  of  decimals  representing  gear  ratios  obtainable 
by  gear  trains  each  using  hot  mors  than  three  of  the  gear-pairs  now 
available  for  the  Differential  Analyzer.  The  present  Note  also  relates 
to  the  notions  and  concepts  in  the  BRL  “Report  on  the  Differential 
Analyzer”,  D©cafflber,  1342* In  particular,  of  course,  the  reader  of 
this  Mote  ia  assumed  to  have  at  hand  a  copy  of  the  blank  form,  "Record 
for  Analyzer",  mentioned  above,  Bines  for  practical  convenience  the 
notation  on  this  fora  departs  in  some  respects  from  that  used  in  most 
Of  th©  Report,  reference  to  the  final  diagram  of  analyzer,  set-up 
appearing  aa  a  'Supplement  of  that  Report  is  appropriate# 

Save  for  the  heading  fend  the  final  space  reserved  for 
^Remarks"  the  blank  form  of  the  "Record"  may  ba  viewed  as  divided  into- 
four'  parts  respectively  (l)  "Data",  (2)  "Dears",  {3}  "Number,  of.  Turns 
of  Lead -Scrhw  per  Physical  Unit",  (4}  "Number  of  Physical  Unite  per 
Printer  Unit",  Each  of  these  parts  will  be  discussed  in  turn*  For 
brevity 'the  names  of  theaa  separate  parts  are  not  printed  on  the 
"Record"*  A  fifth  sectionvof  this  Note  displays  conversion  factors 
•for  the  Integrator  Units.  .  ;■  ''  t';  >*■': 


1.  Data 


J:' 


■  K- .  At  th®  top  left  is  a  place  for  the  "Schedule  No,"  of  the 

Each  sheet  formulates  a  separate  "Schedule";  these  BchedulsS. 
a.r s. numbered  serially*  A  "Schedule"  applies  to  a  group  of  trajectories 
designed  for  the  saw®  firing  table  but  having  for  example  different 
angles  of  departure.  Sometimes  the  muzzle  velocity  is  common  to  the 
whole  group  of  trajectories  covered  by  a  given  schedule,  but  often  there 
will  be  different  "zones"  each  with  its  own  die t inct  -tauzz le  v eloc ity . 
Furthermore  the.  ballistic  coefficient  may  vary  slightly?: with  .the 
muzzle  velocity  or  elevation*  A  given  "run"  presents  numerical  values 
o»  S-  single  trajectory  (for  given  muzzle  velocity,  angle  of  departure, 
ballistic  coefficient,.. azimuth  of  fire  and  meteorological  conditions). 
The  run®  are  numbered  serially  ia  a  single  list,  The  e ©rial,  numbers  of 
the  many  runs  for-  the  same  schedule  will  form  a  .bonseeutivs  set  to  be 
indicated  as  usual  by  writing  the  first  and  l&ei  numbers  of  the  set^ 
eepamted  by  the  wori;*to"  at  the  upper-  right,  -  '  v' ;  . 


In  carrying  .out-' thh  Separate /runs  baaed  upon  a  common  schedule, 


V  further*  data  keypad  thahfy  that  fill  the  “Record*  ere  needed.  P&ually 
two  additional.  hfaaate  of  data  are  prepared  for  each  run.  These  sheets, 
not- further  discussed  I». this  Mote,  .incorporate  the  exact  Buzsle 
•  velocity  (rather  than  mar  aly"  1O&W0  -b hutti ) *  and  the  exact  ballistic 
coefficient rather  than, merely  a  lower  bound),  the  angle  of  departure, 
and  so  forth,  and  show  the. Settings,  to  be  need  at  the  various  tables, 
integrands,  and  hand  cmnfcs,  'for  the  particular  run  concerned. 

The  at  the  left  refer®  to  the  official  Firing  Table 
desi^atidrit  vitich  as  "FT  75-B-4"  which  is  for  a  certain.  75  KE  gun  ; 
and  •airaaunitioji*'i'-’-.7he  *Gun",  **  Projectile*  j'  and  "Fuze"  spaces  at  ,  the  . 
left  hall  for  ho  further  explanation.  The  "Drag  function"  makes. 

.  refehsnce  'to.  thh;  af0roj«riate  one  of-. the  six  functions  Op,.*.  &g*,; 

(or  b  cm  et- lines,;  alsodsstgnat ed  as  J  ,  •  #«.  J.)  of  which,  however,  G«  ;• 
and  G^ar©: practically  obsolete,  or  else  to  the  corresponding  function 
. divided  by  t,,  called  rospectiYsly  B^>  *».*,  The  particular  drag 
function  ...  used,  depends  upon- the  shape  of  the  projectile. "/Other 
characteristics  .of  the  projectile  are  for  practical  purposes  essentially 
to  bo  lumped.  ,iii  with  th®  ballistic  coefficient,  C.  >  :&y  Estim*  .Max, 

■  is  meant  an  (approximate)  maximum' velocity  for  all  runs  to  he  -carried 
out  on  the  given  schedule.  This  Max.  v  is  either  a  muzzle  velocity, 
or  else ’an  "adjusted  velocity",  also  called  u,  obtained  by '  cQEEparihco 
wi'tlrthe  velocity  of  sound}  it  is  to  be  carefully  distinguished 
from  "Saxiswa  listed  i»-  the  right  hand  column  which  is  . a  number'!  . 
fixed/for  any  giv’en  template  independent  of  the  individual  runs  oflkv 
schedule-* ■  -i?oh.'-a:  meGBy-zoned  program  this  “Istim*  Max.  v"  would  be  the 
velocity  used  f Or  the  farthest  rone.  .  The  ballistic  coefficient, .often 
regarded  as  a  constant  determined  by  the  projectile  alone,  is  a 
parajaeter  adjusted  to  fit  observed  results,  and  in  practice-may  vary 
with  angle  of  elevation  and  muzzle  velocity  even  when  accepted  as/ 
constant  during  any  one  run.  In  order  to  secure  the  efficient  use  of 
the  permitted  travel,  on  the  tables  and  integrator  units,  there  is  need 
not  only  for  an  upper  bound  ph  muzzle  velocity  but  also  for  a  suitable 
lower  bound  for  the  various  values  of  the'  ballistic  coefficient  (c) 
corresponding  to  different  runs  on  the  given  schedule. .  &n  estimate  of 
the  minimum  value  of  C  is  to  be  recorded  in  the  space  marked  "Estisi. 

Mia,  <3%  The  actual  musala  Velocity  and  ball  latte-' coefficient  are 
eventually  us-od  on  each  rsm,  but  those  are  listed,  On  other  sheets  and 
enter  the  computations  in;&  different  . connection.’  By  ”Az.  Fire,0£,,n 
is  meant  the  azimuth /Of  the  vertical  .plans,  of  fire,  measured  from  north 
through  east*  U&fortunately  the  .practice  at  the  Proving  Ground  is’  to 
report  azimuths  clockwise  but  fro®  the  south.':  The  azimuth  .is  used  for 
eliminating  the.  effect  of. earth's  rotation  in  reduction  of  observed  . 
firings  or  for'-  estimating -its-  prediated  effect.  Sometimes  more  than 
one  azimuth  is  involved,  hut  since  the  azimuth  is  used,:  .if  at  all,  in 
determining  oae.  of;  thw  ge&r  ratios  adopted,  any  one  schedule  is  sub¬ 
stantially  .  either  for  all'  azimuths  or  else  for  a  single  azimuth  only* 

A.  rather  c jttid e  approximation  to  the  azimuth  will  be  adequate  except 
in- cases  of  very- long. rang®. ■  - Vi:-,/ 'V  V  r’ 
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,/? , 


aa^ inow.-turn  to  'the  data.  entries  on  the  right  hand  side  of 
the  tup .sect ion.  of  the  ah-aet.  A  given  drag  function,  -Say .  Gj_  car  B,  may 
•  be  represented  by;tabr©  than:  oneteraplai:©  corresponding  to.  the  range  of  5< 
.  •>  velocities  ■sul^kdi^i; .’  it  ia  pf of ©r&b  1  ©  to  use  a  ; template  with ^ioaxiffluH  . 
listed  velocity,  about  -  tett  percent  in-  eixeese  of  the  ttaajam-'jyiv-W- . 
encountered  in  the  runs  for  the  given  schedule.*;'  The  templates  for  a 
given,  drag- function  are  thews  elves  ©ambered  fdr\e*ajsple»-.;.^fi|^|ate  jfHvB) 
; After  deciding  upon  both  the  “Drag  Function"  and  "Set im.  one 

can.  pick  an  appropriate. teepiate  aaong  those  already  on  hander  if 
oceaelOn.  dasaads,  ©an  arrange  .to  have  a  .new  template  cut,  ; 

(  Vr.  ^  A -given  tasipl&te  for  a  "B"  function  has  aa  indp^dMi-Ont  arguttent , 

not  velocity  (withpaep.oef^  to  -  grotnicUor  to  air ) ,  b ut;.  the  ;ii$t ©i i«at ,  :  'f 
u  v/a,  where  this  the  veQ  ©city  of- the  projectile  with  respect  to  the 
air,  ..and  a.'  (the  souhd  sp60d  ratio)  is  the  velocity  of  sound  at  the; 
given;  altitude  if or  standard  temperature  structure)  divided  . ty  the 
'  ecrrs&ponding  velocity  of  sajind  for  standard  aea-levei  cohditionSo 
A.  giveii  it.stolftts  carries  the  values  of  u  in  feet  per  second,  from 
U  *  0.  to  a  o  or  tain  "Maximum  «“ ,  (maximum  for  th  e  particular  templat  e ) » 

'  Th^Maxiwum  u*  f op ^  one  teh^late  differs  from  that  for  another!  lit-  ':. 
the  process  of  coUputiBg. tb© i -effect  of  (i)  increase  of  oassle  velocity# 
or  (iiJ  'd&i'rcaiU'  ^f  temperature  (ae  affecting  elasticity)  or  (iii)  head 
wind,  there. may  well  result  an  increase  of  sows  10^  in  u  over  that  for 
the  standard /trajectory#  since  u  *  v/a  where  v  is  the  velocity  with 
respect  to  tKa.qdr,  and  aljjysi.tUe  ratio  of  the  velocity,  ©f  ,  sound  at 
given  temperature  tt>  the  velocity  of  sound  at  sea  level  under  standard 
conditions*  It  is  necedsarjC'.  therefore  to  be  sure  that  th©.  estimated, 
fflaxmum  iauzz Is  velocity  b©:n,ot  more  than  about  nine  tenths  ©f  th® 
maximum  y.  permitted  by.  the ristoplate.  ^v^ith,  this  precaution  u  will  not 
fall  beyond  the  templet©  for  the  study-  of  such  special  effects*  ’■ 


1» 

..  « 


.....  The  values  of  the  "B"  function  in  the  selected  domain  of  -«'# 

,  lie  between  a  minimum,'  ("Minimum  h")  taken  on  for  u  shortly  below  the 
Velocity  ©f  sound  and  a  maximum  ("Maximum  b")  taken  for  u  shortly  above 
the  velocity  of  sound.  The  template  is  preferably" So  plannsd  that' the-  * 
maximum  and  asihiiouni  are  respectively  at  the  top  and  at  the  bottom  of  the 
table,  separated  by  18  inches#  or  360  turns  of  the  ordinate  lead  screw* 
Bet  n  be  the  actual  number  of  turtis  of  the  lead  screw  separating  the 
,  the  maximum  from  the  ttniraxsa*  The  range  of  dependent  variable  exhibited 
by  the  template  spans  the  difference,  hS  *  ■  *W  -  \ir  •  The  "Record" 
exhibits  the  values  of  "Maximum  y",  (for  the  t  eajplat e^^Staximum  b", 
"Minimum  bn,  and  (vertical/  "range  of  b%  in  turn©  of  vertical  lead 
screw,  taking  this  information  from  the  legend  cut  on  the  template. 


.  .  The  spaces  "Computed  by"  and  "Checked  by"  call  for  no  special  'ry. ' 

remark.  The  "Date”  refers  to  the  date  of  computation  of  the  schedule 
Sheet,  rather  than  to  any  data  Of A completion  for  analyser'  runs#  firings,  .- 
reductions,  or  other  computations. 


2*  g sates. 

There  are  four  to  six  gear  trains  .to  be  determined  afresh  for 
each  schedule  (but  left  unaltered  from  run  to  run  in  the  schedule),  the 
other  gear  trains  in  ,tha  machine  being  laid  down  in  the  set-up  plan* 
and  remaining  unaltered  from  one  schedule  to  the  next.  Each  gear  train 
is  either  (a!  "Numbered" ,  being  one  of  three  marked  respectively  I,  II*. 
Ill,  (b)- "Punch" »  being  the  gear  train  concerned  wholly  with  operating 
-the  punch,  or  (c)  "&ot" »  being  one  of  two  gear  trains  :identical _save  for 
location,  and  concerned  onl^  with  effects  due  to  the  earth’s  rotation, 
and  hence  labelled. briefly  As b Opiated  with  the  gear  trains  is 

t  a  numerical  proport ionali t y  t  factor  called  *p* _  ..V  ■  1  • 

Each  Of  these  gear  trains  yields  a  coupling  coefficient 
expressible  as  a  product  of  "simple"  negative  ratios  where  each  of 
these  "feiffiple"  negative  ratios  is  given  by  a  single  gear-pair.  Ikeh 
is one  of  the  following!  -4/l,  -2/1,  -11/7,  -3/2,  -5/4,  -0/7,  -23/22, 
-l/£»  -22/23,  -7/8,  -4/5,  -2/3,  -7/11 ,  -1/2 *  -l/4.  Here  the  reciprocal 
of  eadjh  ratio  on  the  list  is  also  on  the  list. 

By  use  of  the  accompanying  list  of  ratios  (Computing  Mote  jfl) , 
one  finds,  a  suitable  product  ratio  for  each  of  the  distinct  gear  trains 
in  the  list0.  «?e  discuss  these  individually*  ""  _  ;h  -■ 

(a)  Thfi  Nigabared  Qq&v  Tr&iM*  3^.  P£2E2rtipn&iiix  £aetora 

.  (l)  Goar  train  I,  carrying  b(u),  reduces  the  speed  of  rotation, 

from  the  output  shaft  of  the  Template  Table  to  the  integrand  of  Integrator 
Unit  4,  whose  output  in  turn  is  the  regression,  r  (save  for  sign) 0  Now 
on  the  Template  Table,  bg-  occupies  a  given  number  of  turns  of  the 
ordinate  lead  screw,  usually  360  turns,  but  more  generally  some  specified 
number,  say  n»  hot  exceeding  360*  The  gear  train  I  is  chosen  so  as  to 
reduce  "Maximum  b"  an  the  integrand  of  Integrator  Unit.  4,  to  about  $6 
turns*  This  permits  an  approximate  increase  in  bof  10/  over  recorded 
maximum  to  fall  within  the  40  turns  which  constitute  approximately 
the  maximal  radial  distance  available  0»  the  integrand  disk.  By  this  - 
means  an  additive  correction  may  be,  imposed  upon  the  BB*  function  to 
adjust  -for  the  observed  times  of,  flight  of  the  projectile*. 


The  first  problem  is  to  find  how  siany- turns  of  the  vertical 
lead  screw  on  the  Template  Table  would  correspond  to' the  interval  from 
fc .  -  0  to  b  =  bm^x*  ^  k®  remarked  that  only  ratios  are  involved, 
so  that  the  units  in  which  b  is  measured  are  -immaterial.  Suppose  to 
make  the  problem  general,  one  reads  on  the  template  that- (in  customary 

•unite)  s  Q.C000843Q,  and  that  0.00003407  and  one  finds  on 

measuring  upon  the  template  a  spread  of  16.5  inches  (instead  of  full  18) 

or  n  s  330  .turns  from  bmin  to  bgax*  Her©  b^  =  hmx  -  b^^  a  0.00005023, 

and  this  spread  in  b  is  covered  in  330  turns.  The  number  of  turns  that 
would  bs  required  on  the  same  scale  to  reach  from  b  -  0  to  br^ y  is  then 


i  I 


’’ ; ' 
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(8430/5023^330  or  about  554  turns.  The  gear  coupling  coefficient  of 
which'  is  to  reduce  this •  to  some  36  turns  or  less ,  is.  about  15.4  A 


larger  coefficient  is  allowable,'  but  not  one  much  smaller,  although 
perhaps  the  use>:of.  15.00  would  he  acceptable.  Taking  out  A  factor  of  4  y:";. 
’plight  turn  ;i$:  tfetablsr^  evall*fe%ige&rd coupling  ooof.fici®»hs;  to  >' 

..  .find  some  number . about  equal  to  15.4/It,  *  0.96  approx,  or  somewhat  ’ 
i-^Or'  si^licity »  thiif,' ^doping ■ train-'ih^tj 
•  ' ;  'X.OO/lnstei^*;;;^^.'  fop  the  whol  eycoWpiing:coef  ficieni-,  16  itself .  "  This  is  ■ 
i  positive  maaber.  H  corresponds  stoctwp  gear  pairs:  of  -4/l  each.  Had  .., 
the  coupling  coefficient  id  be  approximated  been -about  .  13,  we  would  have 
removed  Ar. and  looked  up  in  6osiphti'ts^^8ot''e'l(b«'--i>;'  approxi  ■ 

®e  woul(|  have  found  0.8099  s  l2)  (7/li)2*  Hence  (to  keep  ;the  number  of 
gear  pairstfven)  we  could  in  this  case  have  used  the  positive  gear  train 
•  represented  by  (w2/l)(-.g/l) (-7/11 ) (*7/11 &<'•  eir^; *? 

involyes  six  pairs  of  k^r8>'which  is  unpecassariiy  'heayy.  Ii»t'ead,Nwe 

(-5/4),  af  our  g ear-pair^ti^hj  -with; /  -.it .... . 
v.h  Coupling  coefficient  Of  40/3  5  13,3,  for  p':  -  360,  the  normal  number.  of. ,  '/ '  ■• 
:  'turns  to  he  expected  to  be&vail&ble  for  the  ordinate  lead  eerw  on  the 
,.<•  ::^eteplate  ^hief  the  gear  coupling  .coefficient  I,  must .  'satlh£y‘  apprOx~ .•  ^ 

: ■  Oiadtdiy  '  v  -i '  ■  : 

pMM'SM  M ;y.  (8430/5023)  360  -  1(36 )M 


!,<f  ;... 


or 


v.V.r^.;;  V  •• 

t-X'&ZS' 


,r’!v:' ; 


>£>V 


?.  i:'vW  :< 

.  .  /.V..'  ; 


I<  16,7838 


i. ;^^by.|i^'':the'';factor  16*,;  vs  have  X/16  approximating  from  a^ov.eHlIe.niMBbeil,  ; ./' 

1  ..  QA/  at  W>  w4  nAM  4  tffn  1hj>  int’Ai  -  u  Ai«  M  4  U  1  ->v  '  /v  AM«»  nM  4  i.  V  #%  4  A  AiH  i  A  /. 


i.0930o-  ‘  While  the  former  might  well  suffice,  we  prefer  to  use  the  latter. 


so  we 


•  ,vt# . 

»V  1  ■>•/■ 


I  S  (-4/l)2  (-23/22  )2  5  17o4876.V 


WdimplC ,  chiofc .ptt^thhroOyrsctness  of  the  computation  of  X  (this  gear/ 
Ztyaiavalwii^  number  of  gae,r  ipairs»  iisuRlly 

•  'note  that  Y^thb_«x  -  at.  e^out  '36  turns  or  a:  littie-less'^  on  the  ,  int'fghdnd  ;; 
of  Integrator  Unit  4,  on  this  same  integrand  must  have  such  a 

r  4‘  +  /Vfl  Wra-*  4  sn+-ei'ttw*<snirt 4-tnSi  v*****-*,  ***•,  ^  ■/•'/ 


number  of  turns  aB.:iw^l^rodpd;f;:f ia/tha? integrand'  tho  proper-.  rat,io>.J  ■ 
^aaj/^ain*  Hence  by  euhtractihij*  one  finds  the  number  of  turns  ■  of  the 
integrand  lead  screw  ohi-rea ponding  to  br  .  Then  I  must  carry. :h  (usually 
:^^;)  :iQto  thih  number.-  The  g@neralformula.is  ,  ;  ;  . 


• .  -  max  '• 


*£  ^ *  aPProx* 
which  for  the  usual  case  of  n.  *  360,  reduces  to 


i 


->> 


m 


\n  5  -•  •  :i-,  -■ 


’*-«■  'Li  -  -  S-**' 


ill)  Gear  train  II,  carrying  y  and  a,  regulates  the  travel  of  ii 
on  Integrand  No.  5,  and;  Of  h0  on  Integrant  Mo.  7.  ;  The  convere ion  coefficient 
giving  the  number  of  turns  per  unit  of  h  or  ha  is  la  eacu^oxpressib le 
in  the  .following  general,  formula  (SQOO  I  'br  )/{G  IX  n).,  Here  h^  is  a 
physical  constant,  «  O.OOQOSl58Za,-l,’  br  ,  n,  are  as  above,  C  is  the 
ballistic  coefficient,  arid  11  is  the  gear  coupling  coefficient  under 
diecuosion.  In  order  to.,,. allow  for  as  much  as  some  margin,  since  for 
reduction  runs,  C  as  first  chosen  is  only  an  estimate,  this  travel 
ehould  not  exceed  about  36  turns .  Using,  therefore,  Cm.n,  available  for 
the  entire  schedule,  we  have  the  gepftiil  formula, 

11  j£'.(2S0  ,-i  ty  fa-i !  n>  approx* 

or  II  ^  (I  b^- /n)(7.9158  x  lb6/%i|()  approx.  (2) 

Singe  I, br  /n  -  b^y/36,  approx.,  and  ordinarily  closely  approximates  the 
latter*  it  often  suffices  to  take  the  simpler  .formula 

.  x  105  (»*•) 

For  a  convenient  typical  schedule, '.'with  hr  C  0^00005023*  „u  *  360,  and 
braax  =  0*°00004-30»  ^  heed  above,  and  I  -  17,4876  M  abofe,  we  have  as 
suitable  value  of  the  number,  2.13.  .Hence  0.'98  approx,  from 

the  more  exact  formula,  or  Ilf;?  8,62  approx,  from  the  lass  exact  formula. 

The  number,  8.98,  we  approximate  from  above  by  the  four  fadtor  jteat 
gear,  coupling  coefficient  .  ,  -v>  '■ 

;x  r;  II  a  9,0000  «  (-3/2}2{-4/l)(-l/l)  '  ■  •• 

■A  similar  computation  would  apply  in  any  case.  \y  : 

"  -j"'  (illy  p).  ;  jlear  train  III,  carryinp' t  into  the  adder  .for :  yp,  enters 

the.  computation  only  In  the  ratio  IIl/p0,*  where  p  is  the  proportionality 
factor  mentioned  earlier.  It  would  be1 possible  to  keep  III  cone tant  and 
: absorb the  .variation  \i^;$hie .'variable  gear  train  determination  in 
the  number  pr  which  enters  only  as  a  cottvsrslonco efficient.  The  factor 
p  Centered.  in  the  left-hand  column  immediately  under  I*  lit  III)  pjer»nfts 
•Mftfegp  as  much  u$o'  bf the  tables  as  po^a-ihls’' (tho'.j^axtapi'. value  being 
established  by  tdWg^ie/-;  while :  .there  is  h'Oafeiy  margin  bn  the 
integrands.  However,  it  is  desirable  toikeep  p  very  elbae  to  but  not 
leas  than  unity,  and  at  the  same  time  to  make  fltyp  a  very  close 
approximation  to  an  expression  involving  I,  II*  and  physical  Constantsa 
Thus  p  may  be  regarded  as  taking  up  the  slack  when  using  for  III,  a 
oenv anient  available  approxomatioh.  The  formula  obtained  By  comparing 
the  number  of  turns  per  second  of  time  along  th®  trajectory,  oh  two 
mutually  geared' bus  shafts,  is  as  follows*  '^..v 

Ill/p1  s  (32  II  hx  g) 

where  g  is  taken  to  be  32,1522  f/s^.  H®»ce  In  general  .  '  .  , 


Q.OOQQQO4101Q3  II 


In  tfco  .bxaiapi©  e.ouftidered  a¥o'y;©-;II.R''.'5>  and  “2124* 

upon  the  template.  y.Henee  lathis  •  example  ,  •  -v'."': 

f|to|  c.-  mfez.f 


ae 


The  moat-  convenient  approximation  to  yield  a  light  gear  train*  is 

y  ';A:  III  0:  (^/X)2(^3/22)2t  5  17*487$  -  ; .... 

which,  quit©  by  caincidflncs,  is  in  this  example*  Identical  with  I* 
iror.'jpji.  -  ye'-  have*  in  '  this  example,  •  the  relation  -n- 

•;  >;  *■>  17 .48T6/i?#<«sa:V  1.0272s*  ? 


‘*W> 


rs***~  j>  . 


:  •.:•  ,v.;1 '■■ v  ^:.-V  : '  y  P  %  1.01355+.- ,  4 .y;  ::V .v'vt; .  . 


• -M.-  p  should  iaoi';eajfCeed  about:  1.1&  £•?•,  Vy 


, .'vii:  FOJr^ho  "Punch"  gear  train  it  io  necessary  to.  w?e  a  very 
c lose  ;&ppr  ©xlrr  ey. i  on  t h  the .  * trp ©“  value., -  the  panels  operates  for 
cOttvenienti-^:a<i^l'-'iht©irvai$..:  thA&liy,  500  yards)  el  the  herisontal 
rang#  x  or .; else . {one "-or: 'five  seconds)  of , the  time,  t,'>_«&oMi»g  *  the 
tih«  :t«f  ihiOh  the/.trasioetory-is  put.  Oh  the  schedule  blank,  aarke  of  ■ 
pareutheOip:  fellow  the  wardwpaneb">f©r  insertion  of  the  letter  *af. 
or  "t".  jiSvihe  eas.o-’ ttay >e." ? '  .vV.  v; '  :  .  .  V 

\  ;..  We  vihh  "Punch"  when  printing  x,  to  approxlffiat e  clpSBly  tho 
ratio  j«rhio^ -would  give  oxastly  the  aumbOT, of: turns  of  the^rifflary  bus 
Ohiift  for  X  for  five  hundred  yards  (or  f ift e e&  hundred  :.£  soi }f  Ittereas e 
.cvfciio  horizontal . range,  to  any  point  ofyiho- This  -ia 
^fifteen -hundred. times  the  number  96  H'  h^  .  which  repreee^tt^e  niaaber 
of  turns  of  this  abaft  for  one  foot  -increase  in  x.  Honda  f^uoefc*  :y'y 
^pprox#ttteS.>6  * (J. 0000315323  x  1500  x  II,  or  ^  /y.;  /  \1&;& 


**Wh  (x)**  a  4.54705  x  II  .- 


rTo  "effect  dioshiappucatlMatlOB,  more  cl#ae  than  can  bo  easily  -  - 
aeeOfflpliefced  Pf  JOBaos : «f.  a,  gear; train  ccu^iosed  of  «  |ow  evAi^ablo  gear 
pairs  ^lono,:  onio  may  have  recourse  to  ths:  device  of  removing  first  a 
factor  thus  roprooentahlo.  and  than  expressing  the  quotient  which  will 
be.'twir  unity.*- by.  use  of  an- -adder  in  the  form  ±  (l  i^)»  where  t£  is 


One®  more  approximated  by  a  gear  train. 


G  oafi  id  ©rat  ion  of! th  h  character  of  a  oeoffiexant. which  provides 
the  number  of  positive  turash  Of  a  fea#  ;sere#  o^>  bus  shaft  par  unit 
•iner«aa«'-'in  the  associated;  physical  wariab ib»  Ih^ieaios.  that  the'  sigh 
of  addition,  must 
their  reciprocals, 

where  a*  b,  c  are  coupling  «esffipidnte*:meh  of;‘^ich  i®  itbperically 
greater  than  unity  when  .an  increase  -$f  torque  biit  debFfa©^  ih  Speed 
occurs  by  virtu  &  of  .the' gear  train  'cpB#eraed^'//  ;{,•  *' 

Let  us  illustrate  this  procedure  for  the  scbsdula  already 
mentioned,  for  .which  II  *  9*  Hare  "Punch*  *  40,9306* ;;  &a  a  atart 
removing  powers  of  4,  ve  have  ■/•  :/V.  /v.  .  \-V 

n¥u*thn  s  43  x  0 .639541  ■  43/l.5&362 [  -  / t  .( 


"Funch"  -  '-4  / 


+  0.00112  f 


Multiplying  Q.00112  by  successive  powers  of  4  until  we  have  &’  number  in 
our  range  of  available -gears  we  have  0,00112 's  (l/4)5  1.15  a  (l/4)5(3/7) 
approx.  HQnce  j.n  this  case 

*  Punch*  «  -U4/l)3/ff“4/5)^J  mX  +  [(-4/1) 5  (-7/8), 

Interpreted  in  the  actual  set-up  of  gear  trains,  this  complex  fraction 
indicates  that  from  the  x-shaft  two  gear'  trains  with  gear  coupling 
coefficients  (-4/b)2  and  (-4/1 ) 5 (-7/8)  respectively  lead  t©- ahafte' - ; 
meeting  in  an  adder.'  Ih®  output'  of  the 'adder  is  then  affected  with  a 
gear  train  of  (-4/l)3,  after  which  reduction*  a  sh£H  carries  x  at  the 
desired  speed.  further  complication  arises ,  .however.  The  shaft  to 

the  punch  is,, carrying  -x,  so  the  final  external  gear  train  used  is 

(-i/i) (-4/1) .«  /'■■■.•  -y  ■V//':  ';'- , 

In  the  case  of  t  as' regularly  printed  variable,  the  proeedur* 
is  essentially  th^Bame.  Again  we  seek  an  expression  of  the  form 


-a/  +  (c)“  j  for  the  punch  gear  train  coefficient. 

Taking  the  case  of  ode  second  (of  trajectory  time)  as  uniform 
increment*  we  wish  "Punch”  to  approximate  el03®Iy  the  ratio  which  would 
give- exactly  the  number  .of  turns  of  the  primary  bus  shaft  for  T  for 
increase  of  one  second  in  t,  This  latter  is  in  general  the  number 

*•  ,  384  II  hj  i^jp/5,  *  Q;0O242552  II  u^  p  . :  " 


vt  n 


or  in  general 

"Punch  (t)*,  for  seconds,  =  0.Q024S552  IX  p.  (4^.) 

In  the  schedule  discussed  hitherto,  II  s  9,  vu,  s  2124.4  f/a,  p  s  1.01355* 
-Henea-  ,  /. 

"Punch"  •  47.0034,  ■  43  x  0.734428. 

Next  we  approximate  0.734428  by  (7/8)2 (22/23) ,  S  0,7323  approx.  But 
we  das ire  to  use  this  information  in  reciprocal  form.  Whether  at  this 
stags  or  earlier  we  start  to  writ 3  reciprocals  is  immaterial. 


.  1/0.734423  =-  1.36160 

(8/7)2 (23/22)  -  1.36549 
aenco  in  this  schedule, 

"Punch  (t)"  -  43/{[<.7/a)2(22/23)]'1  -  0.0033 9} 


Since  (l/4)^  »  1/256  *  0,003906,  this  will  serve  as  satisfactory 
approximation*  Watching  signs  throughout,  we  have  finally  in  this 
schedule,  . 


Punch  (t)"  s  - (-1/1)  (-4/1) 3/'  j(-7/8)2(-22/23)j“1  +  [( 


The  external  (-l/l)  i®  introduced  here  to  keep  the  proper  sign  for  the 
shaft  which  carries  t  itself,  and  not  as  in  the  previous  case-  because 
the  shaft  carried,  -x  instead  of  x. 


(e)  aaJ£fe^9a^aa£.^E&^a&. 


Thera,  are  two  gear  trains,  identical  save  for  position  in  the 
machine,  used.  These  are  employed,  when  at  all,  Inrcomputing  effects  Of 
the  sarthf0  rotation  upon  x  and  y.  Each  is  labeled  "Hot".  Par  trajectories 
Of,  at  most,  moderate  leggth  these  gear  connections  into  the  rotation 
adder©  are  leek ©d  out  by  the  simple  device  of  matching  against  each 
ether'  on  the’  ®ama  hua  shafts, two  gear  pairs  of  .markedly  differing 
ratio®  while  the  bus  Bhaft  connections  from  the  integrator  units  are 
broken.  The  reader  will  recall  that  a  large  coupling  coefficient  means 
a  large  increase  in  torque  and  a  corresponding  slowing  down  in  rate  of 
rotation.  The  limiting  case  of  complete  locking  would  ba  represented 
by  an  infinite  coupling  coefficient.  In  practice  therefore  one  may- 
start  to  compute  the  value  of  '"Hot",  and  if  this  computed  value  turns 
out  to  be  very  large,  one,  mersly  looks  the  gear  connections,  treating 
the  computed  value  as  not  differing  from  infinity  for  any  practical 
purpose. 


.V* M  the  Vector  labia,  o»e  turn  of  the  t*  abaft  gives  u p/180  f/k  . 
inar 'Mae  ;U»  y*  *  ^e*ic e  also  between:  the  "-.yMlot  Corrector*  ana  "RotrV  h.  • 
gear  train,:  Oho  ..turn  -of  tha  ,A  X  shaft  gives  a^/XSO  f/e  increase  in  A'x 
or  A)  ft.  increase  in  x.  ;  Between,  Integrand  of .  Integrator  Unit  !)§(&, 

and  the . “Ret*  gear  tra iii,  One  turn  of  the  £  ehaft  gives  yV- p/(Hot  180  A)  ft* 
increase  in  x*  Bert  from' Intsgi^tot.;Unit-,^o.  1,  one  turn  of  the  X  shaft 
gives'  l/u9b6  II  b^ )  f t •  i nc r ea s e  in  x.  Hence  ' .<_/■  ;  •.  • 

-  ...  ''  /•  uffl  p/Cftot  ISO  ).  a  l/(?6  II  ^  .■  /’  ' 

or  *  “Rot"'*  Ujjj  p  -96  ii  bj/iisoA)  . 

or  a  iocs  hj  -  0*0000315823  and  ^  »  0.00011262  aiaslt,  we  have  in  general  , 

y:JX:,: *  M495*  if  ^  p/»ia<  v  :.  y  "  ■;:  *.  (5) 

In  the  schedule  used  in  the  previous  illustrative  examples, 

II  a  2124.4  f/s,  p  a  1.01355,  while  Ot  ,  the  azimuth  of  the 

plana  of  firs^ depends  upon  the  particular  firing.,.  For  this  case  we  have 

■****•’  »  2398. 3/ein  <£  ■  '  ‘ 

On  the  Proving  Ground  asimuths  are  reported  aa  clockwise*  fr«a 
the  south.  For  example,  a  reported  azimuth  of  38°  means  a  direction  of  . 
180°  +  38°  •  213°  from  the  north  through  east*  For  such  a  cade 
sinbC  *  -sin  38°  *  -0*61566.  In  this  cobs  \ 

“Hot"  *  -4707,7  . 


Except  for  an  unusually  long  trajectory,  this  would  probably  suggest 
that  the  dotation  be  locked  out.  v.  .  .  : 

Choice  of  a  gear  train  for  "Rot*  *  -4707.7,  if  used,  would,  bat 
(taking  out  posers  of  4)  'r  "v  J‘S 

-4707.7  =  46  X  1.14934  or 


From 'Computing  Mote  §\  ,  -1 

'/  (-4/1)6  (-3/g)  (-7/8)2  *  -4704,0,  gear  train  fcftSd  for  "Rot* 

‘ •  3*  M.uatb^  of  „%wrqs  ,gf 

Tb®  .part  devoted  to -  WuEibsr  of  Turns  of  lead  Screw  per 
Physical  Unit",  falls  -it  so  If  into  thr  90  parts,  concerned  respectively 
with  (a)^Inj;eg;hs.M8>.  (given  in  the  left-hand  column),  (b)  Tables* 

(given  in  the  upper  part  of  the  right-hand  column) ,  and  (cTSStro 
fofflks,,  (given  in  the  lower  part  of  tbs • right-hand  column).  ' 


The  abbreviations  *t*i.8.rt,  stand  for  "turns' of  the  lead  screw**.  The 
Integrator  ^nits,  Tables ,  and  hetrd  Cranks  appear  on  the  Record  sheet 
arranged,  to  suggest  their  arrangsneat  on  the  Analyzer,  as  viewed  from 
the  fronts  ,.;b  *”  '•  .  v\-/  ■ 

.  \  shall  state  the  needed  formulas  briefly-*::?  A  .more  complete 

table:  giving  the  geneii&l  :  conversion  formulas  for  all-  three  parte  of  all 
eight  Integrator  hhita  will  bo  exhibited  at  the  end  of  this  Note. 

For  Integrand.  No.  8,  1  f/a  *  40  /  (u„,  p)  t.l.a* 

For  Integrand  No,  7*,  1  unit  *  2.84970  x  10  I  bj-/{C  II  n)  t.l.a 

For  Integrand  No.  4*  1  unit  *  n/(l  hr  )  t.l.s. 

.  For  Vector  Table,  1.  f/s  *  180/ p)  '  t.l.a. 

For  Template  Table  (Top),  1  f/s  *  480/uffi  t.l.a. 

.  '.For  K@tr*o  Cr«3tth*,,Vh,  1  unit  =  2.84970  x  10  I  br/(C  II  n)  t.l.B 

!  -'.;'  vthe  eaiae  as  for-  Integrand  No.  7) 

For  Metro  Srank,  <Tw%  1 mi  /ft  »  1056/^  p)  :  t.l.s. 

*  The  quantity  C :  in  this  fjoraula ,  xmaains  a*  a  letter  and  is  not 
constant  throughout  the  schedule.  It  changes  with  the  run*.  This,  is 
the^ctual- ,  not  the  » 


-•  A  flexible  Shaft:  leading  to  a  printer  train  turns  ones  for 
each. unit  change  indicated  by  the  printer  train.  This,  printer  train 
prints  also  tenths  of  a  printer  unit  {indicated  by  “p.u.").  One  has 
in  succeBsion,  /' 


,  :  vOne:turn  of  T  rapresents.  1649,13/(11.  u_  p)  see. 

.  r-' of  T  repraoonta' 329.83/II "  /  •>  •'-*  ft. 

: ,  A- One  turn  of  JJ  represents  1/432,  2  3.3143  x  10”3  units 

On*  turn  of  A*  represents  ui  p/7-2©  •  .  f/s 

One  turn  of  £* .  represente  d  p/720'. //  ...  .  f/a 

:  One  turn  of  X  represents  :1j09.942/II  -  ; /  ’’  yd. 

Reoiprodd'lly  &t.w-  720/i^-'  turns  if  hr  or  X*  repree.ante  on®  f/s,' 

There  is  a  place  at  the  bottom  of  the  right  hand  column  to 
-  rseord  what  equal  intervals  are.  being  used  fbr  operating  the,  punch, 
whether  500  yards  of  range,  1  second  in  title,  or ; 5  s.eQOttxia  in  time. 


There.  Is  also;  at  the-  and  of  the  eh  bet  a  plaice  for  any 
pertinent- KRa^rks^4'‘,  -b/;-. \..V '• 

-bxb  vv'j::J';-v  '  'NV"  .  ./Vi";  £•  ••  '.V 

.  I-;;'/-', 'Following  through;  th$  Vnrt&'U)  and 

:  /.(4)  when  as;. used  above  I  a  (-4/l)z(*&3/|2)Zj  II  a  f-3/2;}z(-4/l)(*l/l}! 
l*01355+j  b^  s  0,qoo05Q23|  ty  «  f/aj  ft  *  3<S0,  one  has:  “ 


TKTBORAHDa- 

1  f/s  a  G. 0185771  ‘  t.l.a. 
;:4i  uait;  e  77,25872/C  t.i.s. 
tV,  '(«am©  as  |)  ■, 

(saffla  ap  7)  ' 

1  unit  =  409835,:Q  t.l.A. 
(aaroe  as  8) 

'»//■.  (same  as  8)  . 

V  .(same  as  ’-S)  >/ V'V 


a  .1  unit  »  180.00  iJoB« 
v  1  f/a'j 

w4  '  1  f/s  y *  0.0835971  til.*. 

1  f/aJ 

1  -f/e  V  0,225946.  t.l.s* 


1  unit*  >45 .00  t.loS* 
{game  a«  7} 

1  mi/h  *  Oo  400435  t.ioi.  ;i 


0.D02  3148  '  uru 


21573 

alestto  one  print $t*  uri£t  "(p.u.) 


;  0.334368  ;  p.u.  =  1  f/a 


P  r  iktaV 

£n  Ct  )  '_> «j  J«L«- 


aiaee  it  xe  customary  to number  the  integrator  units  serially, 
iron*  front  to  fear,  the  listing,  if  it  is  to  correspond  to  the  arrange¬ 
ment  in  space  as  One  looks  down  hpoif  th a  machine  from /the  operator^ 
position  in  front,  must  run  down  from  No*  8  to  No.  1  in. order.  In  each 
integrator  unit  tho  shafts  f  r.«B.  far  to  near  are  respectively  (i)  Bifferantial 
(ii)  Integral,  (iii)  Integrand,  .the  central  one  being,  the  output  from 
the  unit,  the  other  two  being  inputs  into  the  unit.  The  list. showing  •’ 
the  number  of  turns  per  physical  unit,  rims  as  fellows*  '  ‘  t  v 


a  ■  •  ; 

t 

urns,'.  t> 

2 ’see. 
1  ft* 

1  f/a 


r  r y’ 


differ  ant  ial  \  2.42i-M  x  1 0“3  II  p 
3^03100  x.  irS  22 
4°/^  p)  ■  ' 


,  *  '  j'  ,*  •'  ■’  *  'h  .  i\  .  W1 ,  ?Y»," .  .  ’  ‘i- 

6.5491C  *  ^  II  a)* 

2,849?0  xii^%^/(eil  n)* 


2.42552  x  ICr3  II 
3,G2l90:'.3i‘;10r3- 12 


differential 


int  egral 


b^/(0  II  a)* 


2 .84970  "* 


1  unit 


For  increase 

th®*.=  . 
shaft 

./.'-for  th©  j 

*.«  #•  ,  j 

turns...  times 

1  ESC, 

■  t 

T  A*- 

■  ’i  *  v\, 

differential 

T* 4355T x 

V  l.ft. 

*  W’"  .  v 

X  ‘  ' 

X 

integral  ... 

3.03190'  x-  IQ”3  II 

V  i/s 

X* 

'  v 

integrand 

40/^  p) 

/  ■'  - 

Vi'. 

i  . . 

- 

-Wats-  . thf.  aC^  ■reip^|.»e  as  .  a1  lstter  in  the  .formula,  as  die  cue  a  od  above. 


■■  "■  / r| ; Th. &J$$is^iaik ©,- i 8  cut  so  that  the  480  turns  of  the  abscissa  lead 
screw  correspond  to  a'  range  ;of  front  0  to  u^  ■  vffl  /a0  units  and  so  that  to 
©vary  vaiue  of  u.  there  corresponds  exactly  one  value  of  b (u)  whore  the  , 
values  of  B(u)  rang©  betwdon  b^. ;'»«&  3ince  there  are  .360  possible 

tyroc  of  tb^drdiimte  lead  screw,  it  incTisirabls  to  have  kiL  -  b  •  *  b*  * 

. 3^0; .turns  '^f;vth.a.  lead  ©crew#  ■  ,•  v  /:;/  /  .  . '  '%*  _  -■ 

•  .>;v'v  • Jo  get  the  Betting  for  the  template  table  we  consider  the  equation, 


or 


units  =  480  turns  of  the  lead  screw, 

1  '■j;  Jn  •  .  x-y<-  - 

■  .  ■*.  ■•  *:  -A  -v  . 

1  unit  B  4$0/uw  turns  of  the  lead  screw. 


./ r  '''''.\;^#:|thh;.ihitiai- .Set ting,  ..for  &  given  trajectory  where  the 

Initial '  vafltlSr-.ltf : ' is -  “  j/irouia  be  i 480/1^) u0  turns*  -Jhs  .valuo,  480/1^, 

is  called  the  conversion  coefficient  (i.  e*  the  number  of  turns  of  the 
load  screw  equivalent  to  one  unit  of  the  var.lablO  :/  -  .  ,  v;  - '  , 


Having  detarmihod  earlier  by  aw^httii'  of  speed  linitB  jl  load  limits , 
and  ,‘tjhav.el  limit  a  *  all;  hut'';  four  g  bar,  ratios-,  we  discover  that  all  the  eon- 
f0ei,Qn  coefficients  .as-  troll  a©  -  the-  remaining  gear  -ratios  are  fixed  by 
mere  consideration  of,  the  travel  limits'  of-  the’  various-  parts  of  , the  machine, 

.  r -y  y'-y^e- japan-  -seen •  turns  of  the  shaft  entering  the  template 

table  fcerrespond©  to  1' unit  increase  in  u.  This  shaft  is  connected  to  the 
output  shuft  of  the 'division  table  by  a  3/4  gsar.  In  terms  of  speed  this 
means  that  the  shaft  leaving  the.  division  table  is  turning  at  a  ©lower 
rate  than  the  shaft  entering- the  template  table.  In  other  words  one  unit 
of u  corresponds  to  3/4  sb  many  turns  on  the  shaft  leaving  the  division 
-table  as  on  tins  ©haft  entering  the  tempi  ate  table* 


'  1  unit  of  u!  (3/4}(480/ugj)»  *  (360/0^)  turns  of  the  shaft  leaving 
Ifhe  division  table.  ♦*  X**'"  '*•  X 

As  has  bean. mentioned  on  page  25  of  -the  Report ,  the:  output  shaft  of 
the  division  table  is  geared  to  its  lead  screw  try  a  gear  ratio  of  1/4.  As 
mentioned  above  this  gearing  causes  tha  speed,  of  the- output  shaft  to  be  . . 
increased  as  it  enters  the  analyser  proper.  Hence  } 

1  unit  of  a  =  (l/i)  (360/u^),  '?  (90/um)  turns  of  the  division  Output 
•  '  .  .i1*-  lead  screw 

How  u^is  an  upper  bound  for  vyifhs  u  lead  screw  on  the  division 
table  has  90  turns ,  the  v  lead  screw  has  .180  turns.  It  might  seem'  reasonable, 
therefore,  so  to  select  the  convert iott ,faqt’or>  that  •  /-5  '  r  : 

X’  '  1  f/s  of  v  #1  *  90/u^  *  ^180/1^)  turns  of  ■the  verti^l’  les^d  screw. 

However  at  this  point  we  introduce  &”  proportionality.  factor” ,  p,  (slightly 
.  in  excess  of  unity)  whoia  need  will  aria s  lat’sr-,  (f<#. which,  reason  its 
'calculation  will  be  explained  later) 'and.  we  wr.it©' :  ..  8 

1  f/s  of  v  *;180/(iu^  p)  turis  of  screw  .on  diyieioa  fable. 

X  ";V- '"This  lead  screw  is  connected  to  the  output  of  the  vector  table  by 
.a  l/l  gear.  Since  there- are  180  turns  on  eacb;le&d  eerSwipf  the  vector  .  - 
table-  in  any  one  quadrant  we  see  ’.  v..,,v-,  1  '  '.V-v  .>••  •  • 

1  f/s  of  v  ■*  180/(1^  p)  turns  of  output  Shaft  on  the  vac  tor.  table. 
When  the  angle  of  fire  is  O?,  jw*|  '•*  jv|  so  that  ’s  “  ■  X 

180  turns  on  the  lead  screw  for’w*  •  « jf  (f/e) 

or  1  f/s  of  v*  z  180/ (%  p)  turns  of  the  hbrifoaffc!  lead  eorew*  X.'-  X” 

Similarly,  at  9Q°,  I y’t  I wl {consequently  X- X"; .  X'V.\V  .. 

1  f/s.  of  /  a  leo/Ctijg  p)  turns  of  thefwert leal  lead  screw* 

Thera  are  180  turns  of  the  horizontal  lead  screw  on  the  division  / \. 
tmble?  the  variable  "a"  has  a  rangs  of  approximately  0  to  1.  Hence  (at.  the 
Division  Table) ,  .  '-.r  ,  Jr.,  ."  '.V  ‘  .  l-,.,  " 

;  .  1  unit -of  a  =  186  "turns  of  the  horizontal  lead  screw.  I"1'' 

I©  list  then  the  epuyersian  'coefficients  for  th©:  tables j  using 
"t.l.s**1.  j-  to  indicate  "turns- of  the  -.lead  Screw*5  ■*'  . 


Template 


480  turns  x  ute  (f/e)  ; ;  ■  '  V 

tt  ■  I  unit  of  u  3  480/um  t.los. 
fi  b c  t  (”  y  b^.|n)  units  of  b  ■*  360  t.l.s. 


1  unit  of  be  3 


t»l»8o 


Ve  c  "t  or 


w*  ;  u^  p  unlts  of  w'  *  180  t*l*9* 

i  1  unit  of  w'  3  180/^  p)  t,l*a» 
v  U^j  p  units  of  v  -  180  tfcj»*sa 

1  unit  Of  v  -  IBO/Cu^  p)  t.l.s, 
jf*  -vT  p) .. .  t.l*e* 


,/■ ' 

u  uffi  f/s  of 

u  -  90 

t o 1*B  • 

i  }'  . 

■;i-Dfy;rSi  £>■■» 

'  >#l-; v;_/;‘lT;f/a-pf:;n 

-w% 

ij  ■  1  o  6  * 

t.. 

•  '  '•  V  .v,  \ 

•  *,  *•-.  •  /:  ■ ' 

•  ?  ."..a  "  ■  ■  1  unit  of  t 

l  *»  180 

t*l 1 5* 

■  * 

:  •  '.V  '  /  •  •  i  '•  •. 

'  k?,; .  V  .  ,  p  f/s  61 

r  y  M  180 

t  *  i  o  ®  * 

s  18o/(u^. 

B^ 

'  U;_>' '  i*at  iw  find,  tbs  cojWere  iop.-  coefficients .  for  the  Integrators* 
know  that  £-/'•  J. .■  .  k 


f\V;,  1:  unit  of  a  1  180  turns  of  the  output  shaft  of  the  adder  for 

which  the  inputs  are'  1  *  ftjjr  and  $  ak'  S  iae©  we  know  that  the  opnvere  ion 
coefficients  on the  three  shafts  leading  into  an  adder  are  identical  we 
havei  \  •  •  .  \  . 

1  unit  increase  in  a^y  *  180  turns  of  the  shaft  labeled  «Y 

But  1  unit  increase  in  a  y  weans  (l/a^)  units  increase  in  y»  Hence 

1  unit  increase  in  y  *  18Q  turns  ete0 


_ 


f 


w 


following  the  diagraja  we  see  that  this  shaft  is  eoimacted  to 
a  shaft  labeled  T  by  a  gear  train:  equal  to  -28/5*  How  in  passing  in.  a 
diroetibn  opposite  to.  the  arrow©  a  gear  train  with  value  greater  than  1  toads 
to  speed  up  the  shaft*  Haute*  : 


1  unit  ihc'reajs-e' Ih'y^  {28/5}  180  B  1008  turns  etc  , 


Similarly  we  aee  that  the  conversion  coefficient  on  the  output  shaft  of 
the  8th  integrator  is  .  /  *, 


X  unit  increase  in  y  a  XI  *1008  a  turns  atco 


To- find  the  conversion  coefficient  for  the  integrand  of  Ho*  8*  wa  note  that' 
this  i©  connected, to  the  y*  shaft  of  the  vector  table  by  a  (*9/2)  gear  train* 


X  Unit  increase  in  yf  ft  Cs/sHlBO/u,  p))  *  (40/(vl  p})  turns  of  the 
•••v.:'-,  integrand  shaft*. 


units  we  have  the  relation 
y  »  I  y  \  dt 


(1) 


In  turns  of  the  integrand,  differential  and  output  shaftB,  the  v,i 
relation  ■;«*  ■-  •'  ...  ,  ■ 


Y  5 


Y»  dT 


(%) 


However ';frojcsi  the  definition  of  conversion  coefficients  we  see  at  the 
integrand  shaft  of  Integrator  Ho0  8 


■y  :  V  1  ]  /•  -  Y*  »(40/(um  p))  y‘ ' 

At  the. output  shaft  of  Integrator  Ho*  8r.;v’  ;is.  .  ;  v 

...<  '  T  5  Cn*  1008  aA)  y  ' -p  •  y-  Tv; 

Replacing  in  the  equation  (2)  given  above*  •,  .  : 

;;yv  v  kiM'ifiWp  p))  f  dT  t,  (ji  •  1008  b^}  y  .>/  ;yy;:y:yyy-: 

.  or  ■  /,,//.>■'-  -.yyy •.  -yy  :  ■;  ,  ;  .'  •  ,.  -y-;  "-y.y-..v  - . v 

;4  y  pf  v*  ^a/32  Hw/Cu^  jj  )  ii/ii}  (i/9.oo8  dT  ■  :o 

Comparing  this  equation,  with  (l)  we  see  that  -  (  . 

S?,S/(4G32  u^  p  11  pi)  dT  Pjjj.p- ,  ^  ?  '/V  .V  '  '  ./V 


,  s 

.  ■■ H 


>  ■  4 
"•Vi* 


v**  'i 


'4 


■*  17 


"TV 


i  ' 


H 

/ 


r  . 


-or.  .tho-:e«aw^4«ia.  W^ffieieot.'lor- -f -.on  :the  differential  shaft  of 
Integrator  Ho,  8  ie  4.  :' ;  ,  •,  -V  •. 


-  4032  II  ful'i 


...  V  _y.^?  ‘  . 


or  differential  ;obaft  ;of/jRe«  >8..  ’1 

Jr--''  ' • 7  f:  I  lb  (4032':.  11^  p/s)i 


•  ^  7. J  ..Fallowing  the  'diagram., -we  see  that  we  have  isaaed  lately*  the 
conversion  coefficients  for  the  differential  and  integrand  shafts  of 
Integrators  'Mo.  6  and  So*,  -i,.  .  •„•.•  y.-/  -.y /  .  ■  7-“.;y-y  -  . 

:  •;  For  He.  6f  therefore,.  •  •-  '•  :Zr  >  '-V '.y. 


;v  (4032  II  aA  ^  p/5)  dt 


r'«tj  0.' 


■A  «U/32)  j  v  4T  *  ' 

or:?^' ; ■■  ■  yV yfl  8/(l0O8 .  II.  s^)  *•.  jVdt 
Mens 9  •  1 '5  a  (loos  II  a^)  a  ’ * . y.  -yl-  J  •:  ...  .y-\ 

1^711®*  ’  '-y ..  ,Yy  y  ' 7;  lyy  "  i"  /s.  .; 

x  «  (i at  Hi/^J (^A\,  ph*  tofc  tt  alUffi  p/s) a*  .  y,  y 


or 


X^L008  Jfix1  dt  *'* 

•;X*  (I0Q8-II  &1)s;  £  .  ,y; 


ua  next  calculate  the  conversion  coefficient  far  k.y  Foil  owing"1 
the' arrows  backward  fron  the  Is  shaft  of  the  vector  table  to  Integrator  Ho/  3, 
we  haver.  ;  •  •  7  '  •  ;*  ■  Z.  \  ,77,-7  vy 


>',-1;  onit  iaoreaee  in  y  *  lfiO/Cu^  p)  turno  pf  T*  alttift  7  v 


1  unit  increase  in  y '  « 

.  ,.  ■  Jr ‘=  8  y  -i  f 


tarns  of  Y^  Shaft 


Finally,  I  unit  increase  in  k  *  (l)  p)  turns  of  Output  shaft  of 


.  Intsgrator  Hoa  3 


The  conversion  coefficient  for  y*  on  the  integrand. shaft  of  Ho.  3 
ia  the  same  as  'for  Ho.  8  *  We  have  then  the  relations 7 -’v  ■■■• 


kyf^y*  dr; K  5  (1/3 Yt;  dR, 
and  at  the  integrand,  shaft  of  Ho," 3, 

.  ,  Y*  a  (40/(%  p))  y 


-  18 


and  at  the  output  shaft  of  Mo.  3, 


K  a  540  /  (Ujg  p)  k 
{540/ (i^.  p))  k  5  (1/32! 
(40/(540)  (3&)bi  =  dr 


p))  y*  dft 


at  the  differential  shaft  of  Bo»  3, 


R  *  432  p 


At  this  point  w©  see,  that  we  can  progress  from  one  uitegrator  ' //  • 
to  the  next  where  at  each  step  we  know  two  conversion  coefficients  and  can 
calculate  the  thirdo  In  this  way  we  may  etsapute  and  check  all  the  entries  1 
in  the  table  given  in  Section  5.  >;Cv::  7.  \ ''l'  vi-  ", 


We  jnay  determine  in  this  safchgr  the  conversion  coefficients  for  all 
the  v&rioua  shafts  of  the  machine,  including  in  particular*  the  coefficients 
for  -  the  cranks  which  feed  in  the  met  serological  data  as  corrections  fremstaadard. 
values.  It  is  of  interest  to  verify  that,  the  sam©' conversion  coefficient  is  , 
reached  when  it  le  computed  in  two  ind^pewient 

.  .  We.  will  do  this  for  'thh  %  thaVvalw^fiMr- V- v 

HI  and  also  throwing  light  on  the  introduction  of  the  proportionality 

factor,  p*  ..  /.•’*  'X' ."-".."'•.’.I. 

Calculating  the  conversion  coefficient  from  the- 8th  Integrator  f/ 

wq  see  that  \X  /.  •••..  * .  X  :  \.Xv  XX/x  X 

.(3)  .  T  *  (k*2e*36*2*l^  II  Uj,  *P  /  x:/|cjxx 

i*«t  us  calculate  this  conversion  coefficient  starting  with  the  iX—'XX': 


jr  shaft  of,  the  Vector  table. 


"7  1  unit  increase  in  y*  *  160/Iul  pi  -X,  :X;X  'Xv: 

After  passing  through  the  -y*  Rot  .adder  X’/XiX.'  ,  ' 

1  unit  increase  in  y*  *  180/ (u  p)  t.l.s.  '  V  'XXX 

After  phasing  through  ~Y£  adder  and  gear  XII  (where  y*  a  y ^(k, 4  tg) 
1  unit  increase  in  gt  *;  180/(u  p)  t*X»e«.  ...  Qv  'X 

i  wit  iiiora&ee  in  i  *180  g  IIl/{^  p)  4*l**p>  .  ,  X-  XX 

From  (3)  then-.;/:./.  :  ■>  /'/.! . ;.  -X  ‘X  v”> 

HI  180  g/(un  p)  s  4*28*36*2*^  II  ua  p/(5'2l) 


7  .X  XXXyV‘'.XXX'" 


Ws  .  •IXI/p2  :a  /(?5  -g)  ...  y:  .  . r -V-o- 

We  pah  now  approximate  III  as  follows  •;  ' 

'  111:  ^  32  II  «2  /  (75  ;g)  ^ 

.  .  .  it  is  n«w,pO&«iWL©  to'  calculate  p'sf**Oia  tho  e^ai.'itjr'H4 J 0 '  Since 

III  ie  almost  equal  to/tb@  right : Band  aide  of  the  inequality,  p  is  very 
close  ta  to  The  Introduction  of  thaJpro^ortiii^eLlity  t actor* . p,  permits  . 
a, rather  crude  and  elople':approxiiaa.tiettyt^’'#ttff|(fri»''-f§r'  illat;' 


; ■  Mftjtr *  Ord#-  ||i|rt*4. ". 
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